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ABSTRACT

This thesis introduces the design and implementation of 350W conventional
bidirectional dc-dc converter with hard switching operation. A more accurate modeling of
non-ideal elements of bidirectional dc-dc converter (BDDC) using state space averaging
technique is presented. Steady state and small signal analytical expressions are derived
individually for both boost and buck mode of BDDC in continuous conduction mode. Type
I11 error amplifier for boost mode and PID controller for buck mode are designed to achieve
the desired loop bandwidth of the converter system. Transient performance of the converter is
simulated for both boost mode and buck mode to achieve precise regulation against the line
and load abrupt change using MATLAB/SIMULINK software package. Hardware prototype
of converter is implemented and tested for performance evaluation. The dynamic performance
of the converter is then tested against the load variation. With the experimental measurement,
the corresponding design has been verified. Results show that the model is accurate and offers
a significant improvement in the computation. Ringing effect due to parasitic impedance
across MOSFET switching device at 100 kHz is substantially reduced by proper selection of
snubber circuit elements and sophisticated gate drive mechanism.

Analysis of three-phase interleaved bidirectional dc-dc converter (IBDDC) in
continuous conduction mode using state space averaging method has been presented in this
thesis. Analytical expression of small signal control to duty ratio has been derived for the
three-phase IBDDC operates either in boost mode or in buck mode. Two or more identical
converters are connected in parallel to reduce both input and output ripple currents, hence size
of the capacitor decrease. Non-isolated three-phase IBDDC offers many advantages like equal
current sharing capability among individual converter, increased output power, better
utilization of switches, lower switching loss, increased efficiency, fast dynamic response,
lower per phase ripple, reduced input and output ripple. The basic operation of three-phase
IBDDC, steady state, small signal analysis, and voltage mode control of IBDDC are clearly
described. Simulation of type 3 error amplifier and fuzzy logic controller based three-phase
IBDDC is carried out in Simulink/SimPowerSystem and load dynamic performance is

compared with the experimental results.
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CHAPTER 1: INTRODUCTION AND LETRATURE REVIEW

[This chapter describes an overview of conventional bidirectional dc-dc converters,
interleaved bidirectional dc-dc converters with switching scheme, modelling and control of
bidirectional dc-dc converters. This chapter also presents a detailed literature review on non-
isolated bidirectional dc-dc converter topologies, isolated bidirectional dc-dc converter
topologies, modelling and control of bidirectional dc-dc converters. The scope of the research
work has been highlighted and author’s contributions are also presented in this chapter].
Switch mode power supply (SMPS) effectively regulates dc output voltage for a given
unregulated dc input voltage. A SMPS offers many advantages like higher efficiency and
power density compared to linear power supplies, which are operated in linear region with
increased switching loss. SMPS consists of energy storage elements and solid-state devices.
Energy storage elements include inductors and capacitors which are used for transfer of
energy. Solid state elements include transistors and diodes, which are normally operated as
switch. Topologies of SMPS are mainly buck derived or boost derived dc-dc converter.
Analog control technique is even good for the control of any topology of SMPS, but it
changes the response of the system because of aging of components and temperature
dependent characteristic. In order to overcome from the disadvantages of analog control
technique, digital control technique is preferred because of higher immunity to temperature,
flexibility by changing the software, advanced control techniques and shorter design cycle.
Digital controllers like DSPs have maximum computational power capacity compared to
microcontroller and hence advanced control algorithms can be easily implemented on digital

signal processor (DSP).

1.1 Bidirectional DC-DC Converter

Bidirectional dc-dc converter (BDDC) is a switch mode power converter (SMPC) [1]. It
is an essential candidate for many applications such as charging and discharging in
uninterruptible power supplies (UPS) [2], renewable energy conversion system, electric
vehicle system [3], aviation system and communication systems [4]. DC renewable energy
sources like photovoltaic arrays and Fuel cells are providing variable output voltage and
power. BDDC with proper control technique is essential to maintain desired constant voltage
and power for driving different critical loads. A storage element is required as an energy
buffer in all stand-alone systems to bridge the mismatch between available and required
energy. Battery is generally the most popular energy storage element. The batteries are

charged and often deep discharged and charged, which damages the battery and shortens its
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useful life. In addition, the environmental constraints are an important issue in the application.
Ultra-capacitor has high power density, which allows the ultra-capacitor to supply more
power over a short time. Conversely, the battery has a high energy density, which allows the
battery to store maximum energy and supply it over a long period of time. Battery and
supercapacitor are used as storage devices as well as input elements for the converter to meet
the demand. Battery and supercapacitor will be charged and discharged through BDDC to
maintain the DC bus voltage as constant [5]. The BDDC works as a mediator between the DC
bus and the energy storage system, Hybrid distribution generation system with back up

elements as depicted in Figure 1.1.
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Figure 1.1 Block diagram of hybrid distributed generation system.

BDDC provides higher efficiency, power density and low cost. BDDC can also be used
in two quadrant motor drive [6]. In medium power applications, a non-isolated BDDC is
preferred. The total power and the direction flow of current are controlled by the suitable
control algorithms. Therefore, the BDDC is very attractive for storage backup systems. The
bidirectional converter works in two modes; one is forward buck mode to energy storage
system and second one is reverse boost mode to supply the point of load. BDDC operating in

continuous conduction mode (CCM) have lower conduction loss, and capacitor ripple current,
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and have better utilization of switching devices as compared to BDDC operating in
discontinuous conduction mode (DCM).

Power sources with wide voltage variation in medium power applications [7], BDDC
with transformer is not suitable because of large magnetizing currents, maximum copper
losses occur on low voltage side and stored energy is being transformed from the large core.

MOSFET is used as a switching device in high frequency operation; by proper selection
of snubber circuit [8], device turnoff loss can be minimized and with the proper selection of

gate-drive circuit [9], turn on loss can be reduced and hence achieve increased efficiency.

1.2 Interleaved Bidirectional DC-DC Converter

Many parallel BDDC stages (phases) are used to build multi-phase interleaved
bidirectional dc-dc converter topology [10] which can handle relatively high currents in
medium and high power applications. The number of phases in interleaved bidirectional dc-dc
converter (IBDDC) is related in terms of cost, efficiency, volume and complexity of control.
The main advantage of this technique is to reduce the input and output filter size, device
stress, alleviation of the effects of current ripple, reliability in a rugged environment, power
density and hence achieve the higher efficiency [11]. Using interleaving technique, power
stage of IBDDC is divided into smaller and several stages and hence reduces the size of each
element. When IBDDC operates in CCM, it minimizes imbalance currents and eliminate
current control loop. Interleaved converter share equal amount of load current in each
converter [12, 13] and share the same output capacitor. Interleaved converters are used in
central processing unit, switching audio amplifier, hybrid electric vehicles [14], power factor
correction, renewable energy [15], fuel cell systems [16], and voltage regulator module for
microprocessor. The ripple in the output voltage is very small, and requires a small

capacitance.

Multi-phase IBDDC has N inductors as compared to single phase BDDC, and

phase
increase the complexity. Multi-phase IBDDC operates in continuous conduction mode have
better utilization of switching devices, lower conduction loss, and reduced electromagnetic
interference. An interleaved converter operates in discontinuous conduction mode has
reduction of inductor size, fast transient response, increased ripple current and parasitic

ringing [17].



1.3 Interleaved Switching Scheme

Multi-phase IBDDC drive signals can be generated by comparing control signal with
delayed saw-tooth waveforms, so the drive signals are uniformly distributed over the
switching period by following relation

delay = Tsuien (1.1)

phase

where T,

switcl

, is the switching period and N .. is the number of phases of IBDDC.

phase

Filter capacitor design of multi-phase is easier because of N ... times the current ripple

phase

frequency occurrence.

1.4 Modelling and Control of Bidirectional DC-DC Converter

The modelling and control issues of the bidirectional dc-dc converter play an important
role to achieve the desired stability, high reliability and high efficiency. In order to obtain the
dynamic characteristics of the switching converter circuit in addition to the static ones, a
modelling method is imperative. Its transient response directly determines four of the most
important characteristics of a power converter: the stability of the feedback loop, the rejection
of input ripple and the compatibility with the input EMI filter.

BDDC is a highly nonlinear system because it contains controlled and uncontrolled
switching devices. The output voltage of BDDC is to be highly regulated within a specified
range for abrupt change in input voltage and load transients. VVoltage mode and current mode
control techniques are the two control methods for BDDC. In the voltage mode control
technique, the BDDC’s output voltage is being compared with a constant reference value to
generate error signal. Duty cycle of the BDDC is automatically adjusted based on error signal
to obtain desired output voltage which follows the reference value. In order to design the
voltage mode controller for BDDC, frequency response method is being used. In order to
apply linear control theory, nonlinearity should be averaged and linearized. Based on the
signal model of the BDDC, the compensator can be easily designed and analog compensator
can be implemented by using analog pulse width modulator (PWM) integrated circuits (ICs)
along with the suitable values of resistors and capacitors to obtain desired transfer function.
Digital compensator can be implemented on DSP using control algorithms. Current mode
controller has two loops in which the first loop is the inner current loop and the second is the
outer voltage loop. The duty cycle for BDDC can be obtained by comparing the inductor
current with its reference value and then reference value for inductor current is generated by

voltage loop.



State space averaging (SSA) method [18-20] is used to derive small signal averaged
equations of pulse width modulated converter and it requires considerable matrix algebra for
deriving various transfer function and step responses. The SSA method provides good
intuitive insight into converter behaviour. The state space is canonical form for writing the
differential equations which describe a system. Transfer function of BDDC in boost mode has
zero in the right half s-plane and this system is called non minimum phase system. Right half
plane (RHP) zero determines a phase lag in loop gain of the of the voltage mode controlled
BDDC in boost mode forcing the maximum cross over frequency to be placed at most below
RHP frequency. Stability analysis of feedback loop requires proper selection of compensator
or controller. Feedback compensator can be designed by the K factor method [21] which
defines with few algebraic equations and this scheme can be used to achieve desired cross
over frequency and the phase margin.

Mathematical modelling of interleaved bidirectional dc-dc converter (IBDDC) is
essential to design a proper linear controller, leads to maintain equal current in each phase of
the converter. Optimal selection on the number of phases [22] in design of IBDDC results
with the current ripple cancellation, high ripple frequency, and higher efficiency. For multi-
phase IBDDC, specific DSP as digital control is required to control the IBDDC [23].

Fuzzy logic has been effectively utilized in many field of knowledge to solve control
and optimization problems [24]. Typically, the linguistic variables in a fuzzy logic control
(FLC) are the state, state error, state error derivative, state error integral, etc. One of the key
problems is to find the appropriate fuzzy control rules [25]. In general, membership sets and

rule base are generated by trial and error tuning procedure [26].

15 LITERATURE REVIEW

Based on the connection of BDDC with auxiliary energy storage element, BDDC can be
classified into buck/boost type and buck-boost type. The buck type BDDC is to have auxiliary
energy storage placed on the high voltage DC bus side, and the boost type BDDC is to have it
placed on the low voltage side. In order to realize bidirectional power flow in BDDC, the
switch unit should carry the current in both the directions. The switch unit consist of Power
MOSFET in parallel with a antiparallel diode. Depending on the configuration of BDDC to
meet different application requirements, BDDC can be majorly classified into two types, non-
isolated BDDC and isolated BDDC.



1.5.1 Non-Isolated Bidirectional DC-DC Converter

Non-isolated BDDC topology comprising of a step up stage and step down stage
connected in parallel [27]. The high frequency transformer based BDDC system provides
isolation between the source and the load. But from the perspective of improving the
efficiency, size, weight and cost, the transformer less type converter is attractive. Therefore,
in high power and aerospace applications, where size or weight is the major interest, the
transformer less BDDC topology is preferred.

Non-isolated bidirectional dc-dc converters are presented so far as follows

1. Bidirectional buck/boost type dc-dc converter [2].

Bidirectional buck-boost dc-dc converter [28].
Bidirectional Cuk/Cuk dc-dc converter [29].
Bidirectional Sepic/Zeta dc-dc converter [30].
Bidirectional quasi resonant dc-dc converter [31].
Bidirectional coupled inductor dc-dc converter [32].
Bidirectional multi-level dc-dc converter [33].

Bidirectional switched-capacitor dc-dc converter [34].

© 0o N o g bk~ w DN

Multiphase interleaved bidirectional dc-dc converter [41, 42].

The bidirectional buck type and boost type dc-dc converter [2] shown in Figure 1.2(a)
consists of step-up converter and which is connected in antiparallel with step-down converter.
During the forward step-down operation, S; conducts and the switch S; is off while D, is
conducting. Similarly, during backward step-up operation, S, conducts and S; is off while D,
is conducting. It has simple circuit structure, equivalent series resistance (ESR) of both
inductor and capacitor and the effect of switch limits the step up voltage gain [35]. By using
BDDC power converter for charging and discharging of battery [36], a substantial weight
saving is possible.

Bidirectional buck-boost dc-dc converter [28] shown in Figure 1.2(b) has additional
switch in the conduction path. During the forward power flow mode, S; conducts and the
switch S, is off while D, is conducting. Similarly, during backward power flow mode, S,
conducts and S; is off while D; is conducting. The buck-boost type BDDC is more costly and
less efficient than that of buck type or boost type BDDC and which cannot be operated in
wide voltage conversion range.

Bidirectional Cuk/Cuk dc-dc converter [29] shown in Figure 1.2(c) is derived from the
basic Cuk dc-dc converter. During the forward power flow mode, S; conducts and the switch

S, is off while D, is conducting. Similarly, during backward power flow mode, S, conducts
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and S; is off while D; is conducting. It offers low conversion efficiency because this converter
consists of two power stage and this type of converter cannot offer wide voltage conversion
range.

Bidirectional Sepic/Zeta dc-dc converter [30] shown in Figure 1.2(d) operates as Sepic
converter during forward power flow and it operates as Zeta converter during reverse power
flow. During the forward power flow mode, S; conducts and the S; is off while D, is
conducting. Similarly, during backward power flow mode, S, conducts and S; is off while D,
is conducting. It offers low conversion efficiency because this type of converter consists of
two power stage and this converter cannot offer wide voltage conversion range.

Bidirectional quasi resonant dc-dc converter [31] is as shown in Figure 1.2(e). During
forward power flow S; is off, turning on S; at zero current (ZC) and turn off S, at zero voltage
(ZV), then S; is turned off at ZC and S; is turned on at ZV, then this mode will ends at Ts
when S; is turned on at ZC and S; is turned off at ZV. During reverse power flow S, is off,
turning on S; at ZC and turn off Sz at ZV, then S; is turned off at ZC and S3 is turned on at
ZV, then this mode will ends at Ts when S; is turned on at ZC and Sz is turned off at ZV. It
provides load independent characteristics with unlimited load and dc conversion ratio range,
increased efficiency and simple operation. This topology also provides the same DC
conversion characteristics and small signal control to duty ratio transfer function is same as
that of the conventional dc-dc converter.

Bidirectional coupled inductor dc-dc converter [32] is as shown in Figure 1.2(f). During
the forward mode of operation, S; conducts and the switch S, is off while D, is conducting.
Similarly, during backward mode of operation, S; conducts and S; is off while D; is
conducting. Inductors L; and L, are coupled to achieve higher step-up and step-down gain and
also provides the large voltage gain by adjusting the coupled inductor turns ratio. But
configurations of the converter circuit are complicated.

Bidirectional multi-level dc-dc converter [33] shown in Figure 1.2(g) made up of two
back to back connected diode clamped converter legs. This topology is symmetric. It allows

the power in both forward and backward direction for any possible value of m=V, /V,.

Bidirectional switched-capacitor dc-dc converter [34] is as shown in Figure 1.2(h).
During forward power flow, S; is turned on, Qs is in saturation, rest of the switches are
opened, and capacitor C is linearly charged from HV side through S; and Qs for duration Ts/2.
When S; and D3 are turned on, all other switches are open, C is disconnected from HV side
and stored energy is supply to LV side through S, and D3. During backward power flow, D, is

turned on, Qs is in saturation, rest of the switches are opened, and capacitor C will be charged
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through D, and Qs for duration Ts/2. When S, and Sz are turned on, all other switches are
open; C is connected in series with LV side through D; and Sz to supply energy to HV side. It
provides the large voltage gain but more number of switches and capacitors are required [37].
Moreover, it requires complicated control circuit.

Multistage power converter consisting of many power converter stages (converter

“phases”) through inputs and outputs connected in parallel and their gating signal shifted by
360°

to make sure the uniform distribution over a switching period and this technique is also

phase
called as “interleaving” [38]. With multi-phase interleaved operation, net current ripple can
be minimized and it also minimizes the size of passive components.

For the recent high power density BDDC, to improve its power density, multi-phase
current sharing technology with minimized inductance has been used in high efficiency high
power applications [39-41]. Multiphase BDDC offers the advantage of minimum current
stress on the devices, fast dynamic response, low current/voltage ripple and improved
efficiency.

Two-phase interleaved bidirectional dc-dc converter [41, 42] is as shown in Figure
1.3(a) in which gate signals are interleaved with 180° phase difference. In case of buck mode,
the PWM switches are S; and S,. Two PWM switches are operated by interleaved operation.
Current flows via diode of two switches (S3,S4). By adjusting a duty ratio, two switches
(S1,S,) are controlled. During buck mode operation, power is transferred from HV side to LV
side. In case of boost mode, the PWM switches are S; and S;. Two PWM switches are
operated by interleaved operation. Current flows via diode of two switches (S;, S;). By
adjusting a duty ratio, two switches (Ss, S;) are controlled. During boost mode operation,
power is transferred from LV side to HV side. Under this two phases; inductance value, on
state resistance of switching device, internal resistance of inductor are symmetric and actual
duty ratio for each of the phase is equal. This type of converter provides the optimal DC link
voltage, reduces the distortion of voltage and current, and can achieve higher power than the
conventional single stage converter using small inductor.

Coupled inductor two-phase interleaved bidirectional dc-dc converter [43, 44] is as
shown in Figure 1.3(b). The operation of this converter is same as the two-phase interleaved
bidirectional dc-dc converter. A coupling inductance M between the two inductors (L1, Ly)
can represent the coupling effect. The two inductors can be directly coupled or inversely
coupled, due to the different direction selection between two winding. The coupling

inductance M is positive in direct coupling and negative in inverse coupling. This type of
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converter reduces the steady state current ripple, minimizes the conduction loss in MOSFET
and improves the dynamic performance. Additionally, the coupling inductor core become
simpler and increases the mechanical strength of the core.

Three-phase interleaved bidirectional dc-dc converter [39, 40, 45] shown in Figure
1.3(c) consists of three independent inductors (L;,L,L3) and each phase switches are
interleaved with 120° phase difference. In case of boost mode, three PWM switches (S4,Ss,S6)
are operated by interleaved operation. Current flows via diode of three switches (S;,S,,S3). By
adjusting a duty ratio, three switches (S4,Ss5,Sg) are controlled. During boost mode operation,
power is transferred from LV side to HV side. In case of buck mode, three PWM switches
(S1,5,,S3) are operated by interleaved operation. Current flows via diode of three switches
(S4,55,S6). By adjusting a duty ratio, three switches (S;,5,,S3) are controlled. During buck
mode operation, power is transferred from HV side to LV side. The ripple current in the total
current will be minimized after interleaving and therefore relieves the current stress on both
LV and HV side capacitors, and hence the converter uses small value film capacitors. The
magnitude of the ripple in an output voltage becomes negligible.

Coupled inductor three phase interleaved bidirectional dc-dc converter [46] is as shown
in Figure 1.3(d). The operation of this type of converter is same as the three-phase interleaved
bidirectional dc-dc converter. This type of converter utilises three phase coupled inductors for
filtering its phase and output currents. It uses smaller inductances as compared to multiphase
interleaved converter without inductive coupling. In contrast with uncoupled inductances, this
type of converter reduces the ripple current in windings and switches. By minimizing high
phase ripple current, it is very easy to operate magnetic material in linear range and this type
of converter reliably used in hybrid drive industrial trucks.

Four-phase interleaved bidirectional dc-dc converter [47] shown in Figure 1.3(e)
consists of four independent inductor and each phase switches are interleaved with 90° phase
difference. This type of converter provides large power density, used to buffer huge amount
of power over a short periods and can be assembled for fast dynamic processes. This type
converter is reliably used in wind power applications.

Four-phase coupled inductor interleaved bidirectional dc-dc converter [48, 49] shown in
Figure 1.3(f) uses mutli-frequency control technique to avoid control loop instability under
dynamic load changes. It also eliminates the instantaneous current sensing necessity to
minimize noise susceptibility problems. This type of converter uses multi-phase interleaving

with coupled inductor to achieve higher efficiency for a wide range of load.
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1.5.2 Isolated Bidirectional DC-DC Converter

Isolation between low voltage (LV) side and high voltage (HV) side is normally
provided by a transformer, but addition of transformer introduces additional cost and losses
[3]. Isolated bidirectional dc-dc converter [50] provides the large voltage gain by adjusting the
transformer turns ratio. Inductor acts as current source can be placed on either LV side or HV
side to allow smooth power transfer. Isolated bidirectional dc-dc converter can be operated as
an inverter/rectifier in LV side or HV side. Each inverter/rectifier can be a voltage source in
which capacitor comes in parallel with DC bus or current source in which inductor comes in
series with DC bus. Isolated bidirectional dc-dc converter topology can be classified into
number of types based on current source for LV/HV side and voltage source for LV/HV side.

Isolated bidirectional dc-dc converters are presented in the literature so far as follows

1. Bidirectional flyback (dual flyback) dc-dc converter [51-53].

Bidirectional forward-flyback dc-dc converter [54].
Bidirectional half bridge (dual active half bridge) dc-dc converter [55, 56].
Bidirectional half bridge-push pull dc-dc converter [57].
Bidirectional full bridge (dual active bridge) dc-dc converter [58-65].

© o~ w DN

Bidirectional push pull-forward half bridge dc-dc converter [66].
7. lsolated bidirectional multiphase interleaved dc-dc converter [71-75].

Bidirectional flyback (dual flyback) dc-dc converter [51-53] is as shown in Figure
1.4(a). During the forward power flow mode, S; is closed and the diode D is reverse biased,
the output capacitor supplies energy to the load. When the switch S; is opened, D, is forward
biased; the energy from the transformer can recharges the capacitor and supplies the load.
During the reverse power flow mode, S; is closed and the diode D; is reverse biased; the
output capacitor supplies energy to the load. When the switch S, is opened, D; is forward
biased; the energy from the transformer can recharges the capacitor and supplies the load. It
has advantage of the simple structure and easy to control. This type of the converter suffers
from high voltage on switches and thus it can be used in low power applications. Energy
regeneration technique is being used to recycle the leakage inductor stored energy; it reduces
the voltage stress on device and hence achieves the improved conversion efficiency.

Bidirectional forward-flyback dc-dc converter [54] is as shown in Figure 1.4(b). In
forward power flow mode, S; and S, are main power switch and clamping switch,
respectively. S; and S, are working as diodes D3 and D, (or synchronous rectifier). In
backward power flow mode, S; and S, are main power switch and clamping switch,

respectively. S; and S, are working as diodes D; and D, (or synchronous rectifier).It has built
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in flyback converter, therefore there is no turn on and turn off problems. An active or passive
clamping circuit is required to reduce the voltage stress on the switches and hence this type of
converter is suitable for medium power applications.

Bidirectional half bridge (dual active half bridge) dc-dc converter [55, 56] is as shown
in Figure 1.4(c). This converter is operated with dual half bridges placed on each side of the
isolation transformer. When power flows from the LV side to the HV side, the converter
works in boost mode to power the HV side load. Otherwise, it works in buck mode to
recharge the LV side battery. Dual active half bridge is proposed to achieve higher power
rating; zero voltage switching (ZVS) is possible in both the direction of power flow without
using clamping circuit or resonant elements. This type of converter is suitable for high power
applications.

Bidirectional half bridge-push pull dc-dc converter [57] shown in Figure 1.4(d)
proposes that only one transformer is enough to provide desired power flow for battery
charging and discharging as opposed to two transformers are present in separate half bridge
and current fed push pull dc-dc converter. In the forward/charging mode of operation, the
switches S; and S, are turned on and the body diodes of Sz and S4 provide battery side
rectification. In the backup/current fed mode of operation, the switches S; and S, are turned
on and the body diodes of S; and S, provide rectification at the load side. This type of the
converter offers the advantage like low voltage stress on the switches, galvanic isolation,
minimum ripple in charging current, minimum active switches and fast switch over on failure.

Bidirectional full bridge (dual active bridge) dc-dc converter [58-64, 67] shown in
Figure 1.4(e) consists of high frequency transformer, and two H-bridges placed on primary
and secondary winding of transformer [68] correspondingly. Leakage inductance of
transformer works as instantaneous energy storage element. The first H-bridge [69] consists
of four switches S1, S2, S3, S4 give square wave AC voltage with duty ratio of 50% with
respect to the HV side. The second H-bridge consists of four switches Ss, Sg, S7, Sg are
connected to the secondary side of the transformer and operated by phase shift control. This
type of converter is suitable for high power applications.

Bidirectional push-pull-forward half bridge dc-dc converter [66] shown in Figure 1.4(f)
is a derivative topology from the dual active bridge (DAB) converter. Instead of using two
inductors, this converter uses the coupled inductor and hence optimizes the performance of
the converter. Phase shift modulation control strategy is being used to reduce the circuit
complexity. This converter has ability to achieve high power density because of smaller size

of power elements, and it will be more significant in case where multi input and multi output
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phases are paralleled. The design of transformer is more difficult because of the dual primary
windings, and this type of converter is employed in low voltage side.

Isolated multiphase interleaved bidirectional dc-dc converter configures the current/
voltage source on LV side and voltage / current source on HV side [70].

In [4], when the isolated three phase converter operate as full bridge converter, soft
switching can be achieved using phase shift modulation and its secondary voltage is the turns
ratio times the primary voltage.

Isolated bidirectional interleaved flyback converter [71] shown in Figure 1.5(a) propose
the structure with primary windings of two flyback transformers connected in series to share
HV side voltage equally and secondary windings are connected in parallel to batteries.
Decoupling diodes are added on both HV and LV side, which can be used to recycle the
leakage inductance energy of flyback transformer and reduce the voltage stress as well as
switching losses during bidirectional power flow. This type of converter is used in battery
backup system applications.

Three phase bidirectional isolated interleaved dc-dc converter [72, 73] shown in Figure
1.5(b) with active clamp provide major features of the converter include; an increased power
rating, reduction of ripple current during charging/discharging modes, reduction of losses in
switches and transformer windings, reduction of loss in input inductors, alleviated voltage
surges as well as in switching noise, and lowering the transformer turns ratio. This type of
converter is suitable for battery charger, UPS and hybrid electric vehicles.

Interleaved bidirectional dual active bridge dc-dc converter [74] shown in Figure 1.5(c)
minimizes the total ripple current, reduces the current requirement of the switches and reduces
the turns ratio of the transformer. Cascaded control loop technique is being used to achieve
voltage regulation and provide the balance power distribution between converters. The salient
features of this converter include; high power density (filter size reduced) and high voltage
ratio (series in the output side). This type of converter is suitable for interfacing ultra-
capacitor in micro-grid application.

Isolated coupled inductor interleaved bidirectional dc-dc converter [75] shown in
Figure 1.5(d) is employed with two symmetrical winding-cross-coupled inductors (WCCIs).
WCCIs reduce the current ripple and provide the electric isolation by connecting their
secondary windings in series. WCCI reduces the number of passive components, reduces the
size of magnetic core and improve the power density. In the HV side, a three-level structure is
used to tolerate the high voltage DC bus, but in the LV side an interleaved buck and boost

converter is adopted to minimise the current ripple.
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Based on the mathematical model of BDDC, linear controllers can be designed to obtain
the desired response of the converter. An accurate model is essential to obtain desired
regulation of the converter to drive critical loads. Many AC equivalent circuit modelling
methods include, circuit averaging, average switch modelling, the current injection approach,
and state-space averaging method [76].

Dynamics of the converter is usually a non-linear type, and function of converter duty
ratio and load resistance. Small signal non-linear dynamic model of the converter is being
derived using a state space averaging technique and digital controller was built to handle
seamless bidirectional operation [77, 78].

The increasing interest in digital control of SMPC, different digital control design
techniques for SMPC are presented [79]. The techniques include direct and indirect design
method. In the indirect design method, small signal models of the converters are first derived
and transformed into discrete models, and digital controllers are designed based on the
discrete models. In indirect design method, analog controllers are designed based on small
signal models of the converters, and then transformed into digital controller.

To develop a switch frequency-dependable average method to estimate the system
performance at different switching frequencies, an extended state-space averaged model is
developed by [80] to predict large and small-signal characteristics of the converter in either
direction of power flow, and a small signal model and the corresponding equivalent circuit are
developed for isolated bidirectional converter [81] to derive transfer functions and the
dynamic impacts introduced by the phase-shift operation, capacitors and transformer leakage
inductance have been explained by the equivalent circuits [82].

In [83], analysis of the interleaved converter operating at discontinuous current mode
when it operates at lower switching frequency or at light load is described by state space
averaging technique with equivalent circuits. Generalised state space model for multi-phase
interleaved converters [84, 85] operating in continuous conduction mode (CCM) is
established by using state space averaging technique, in which steady state and the small
signal model of the converter can be developed.

Based on [86], an analog current injection control in multi-phase was implemented in
[2, 87], and digital controller in BDDC is implemented in [88].

Fuzzy logic controllers can be designed based on expert knowledge of the converter
system instead of accurate mathematical model [89]. Digital signal processing technologies

have upgraded in handling power and speed, researchers have newly used fuzzy principles to
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power electronic systems. Fuzzy logic controllers can be designed to adjust the nonlinear
behavior of dc—dc converters under different operating conditions [90].

To achieve a stable and fast response under varying operating points, there are two
possible solutions. One is to develop a more accurate model for the converter. However, the
model may be too complex to use in controller development. A second solution is to use a
nonlinear controller. Linear controllers are designed using frequency response technique
applied to small signal model of the converter.

Based on the critical review, the conventional BDDC converter and three-phase IBDDC
are selected for the thesis work in order to achieve high voltage diversity, higher efficiency,

lower cost and improved performance.

1.5.3 Research Gaps
On the basis of peer literature review, the following research issues were identified,;

1. As the past literature has emphasized on the modelling issues of the unidirectional dc-
dc converters, the systematic and detailed more accurate modelling of bidirectional dc-
dc converter (BDDC) become necessary for further research that needs to be
addressed, and investigated.

2. The control of BDDC and its online dynamical changes in mode are the most serious
and very essential issues that are required to be addressed for improved performance.

3. The voltage and current stability of a BDDC in charging/discharging applications
remain challenging tasks that need to be addressed for efficient use of energy storage
system.

4. The advanced control algorithms like fuzzy logic control and artificial neural network
are least focused till now for BDDC. Therefore, the implementation and investigation
of these advanced control algorithms would be a very interesting and challenging task
of research.

5. The digital control techniques to achieve high efficiency and high reliability using fast
digital processors like DSP, microcontroller and FPGA are essential and attractive in
most of the applications.

The main aim of the thesis work is to develop a BDDC for charge/discharge
application using digital controllers and which is to be validated with experimental results.
The research work addressed in this thesis is the more accurate modelling, design
optimization, control of both BDDC and three-phase IBDDC. Digital controller for both
BDDC and three-phase IBDDC is implemented on a DSP ezdsp TMS320F28335.
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1.5.4 Obijectives of Research Work
Following are the contributions out of the research work pursued by author:

1. Design and comparative performance control of the conventional BDDC and three-
phase IBDDC in simulation platform and validate experimental results with
laboratory prototype.

2. Modelling and comparative analysis of the BDDC and three-phase IBDDC using
state-space averaging technique.

3. Design and implementation of a voltage mode control of BDDC using type Il error
amplifier for boost mode and PID controller for buck mode; three-phase IBDDC
using both type Il error amplifier and fuzzy logic controller (FLC) to study its
regulation in both boost and buck modes of operation.

1.6 Organisation of Thesis

In this thesis, first a background description and review of BDDC is presented to define
the work and its novelty. Then the research challenges are identified to design and control
issues in the non-isolated BDDC. The research problem addressed in this thesis is the
modelling, design optimisation, control of both BDDC and three-phase IBDDC.

The thesis is organised in to four chapters and the work included in each chapter is
briefly outlined as follows

Chapter 1: This chapter describes an overview of conventional bidirectional dc-dc
converters, interleaved bidirectional dc-dc converters with switching scheme, modelling and
control of bidirectional dc-dc converters. This chapter also presents a detailed literature
review on non-isolated bidirectional dc-dc converters, isolated bidirectional dc-dc converter
topologies, modelling and control of bidirectional dc-dc converters. The scope of the research
work has been highlighted and author’s contributions are also presented in this chapter.

This chapter also emphasizes on the design, steady state analysis, dynamic analysis
using state space averaging technique, design of type 3 error amplifier controller for BDDC in
boost mode, design of PID controller for BDDC in buck mode. Performance of type 3 error
amplifier for boost mode, and PID controller for buck mode of conventional bidirectional dc-
dc converter are also been emphasized.

Chapter 2: A simulation model of type 3 error amplifier for boost mode and PID
controller for buck mode based conventional bidirectional dc-dc converter is developed in
MATLAB simulation platform. Several simulation results are obtained for steady state,

transient response for both the variations in input voltage and load current changes. Simulated
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results and experimental results of conventional BDDC for load transients are also compared
in this chapter.

This chapter also emphasizes on the design, steady state analysis, and dynamic analysis
using state space averaging technique, design of type 3 error amplifier and fuzzy logic
controller for three-phase interleaved bidirectional dc-dc converter. Performance of type 3
error amplifier controller and fuzzy logic controller for three-phase interleaved bidirectional
dc-dc converter are also been emphasized.

Chapter 3: A simulation model of type 3 error amplifier and fuzzy logic controller based
three-phase interleaved bidirectional dc-dc converter is developed in MATLAB simulation
platform. Several simulation results are obtained for steady state, transient response for both
the variations in input voltage and load current changes. Simulated results and experimental
results of three-phase interleaved bidirectional dc-dc converter for load transients are also
compared in this chapter.

Chapter 4: This chapter highlights the main conclusion and significant contribution of
the thesis and scope for future work in this research area are also highlighted.

1.7 Conclusion
In this chapter, brief review of the literature on the research topics has been carried out
and scope of the research work has been outlined. The author’s contribution in the research

area summarized. Organisation of the thesis has been outlined.
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CHAPTER 2: DESIGN, MODELLING, CONTROL, SIMULATION AND
EXPERIMENTATION OF BIDIRECTIONAL DC-DC CONVERTER

[This chapter emphasizes on the design, steady state analysis, dynamic analysis using
State space averaging technique, design of type 3 error amplifier controller for BDDC in
boost mode, design of PID controller for BDDC in buck mode. Performance of type 3 error
amplifier for boost mode, and PID controller for buck mode of conventional bidirectional dc-
dc converter are also been emphasized. A simulation model of type 3 error amplifier for boost
mode and PID controller for buck mode based conventional bidirectional dc-dc converter is
developed in MATLAB simulation platform. Several simulation results are obtained for steady
state, transient response for both the variations in input voltage and load current changes.
Simulation and experimental results of conventional BDDC for load transients are also

compared in this chapter].

2.1 Introduction

A voltage mode control of a BDDC in CCM and design of non-isolated BDDC in boost
mode and buck mode is presented. The operating principle, steady state and small signal
analysis of non-isolated BDDC are described. Stability analysis of the BDDC is described
with the help of K factor method [21]. Type Il error amplifier for boost mode and PID
controller buck mode is fully implemented on ezdsp TMS320F28335. The concept is verified
by simulation and experimental results.

Depending on the simplicity in circuit and system design, reduced stress on switching
devices, requirement of safety, and the voltage transfer ratio, BDDC can be non-isolated or
isolated. MOSFET can be used as a switching device in high frequency operation; by proper
selection of snubber circuit, device turnoff loss can be minimized and with the proper
selection of gate-drive circuit, turn on loss can be reduced and hence achieve increased
efficiency. BDDC operating in continuous conduction mode (CCM) have lower conduction
loss, lower inductor and capacitor ripple current, and have better utilization of switching
devices as compared to BDDC operating in discontinuous conduction mode. In renewable
energy source applications, a BDDC can be used to deliver the energy to battery when the bus
voltage is high, while transfer the energy from battery to the load when the bus voltage is low.
BDDC is a highly nonlinear system because it contains controlled and uncontrolled switching
devices [91, 92]. In order to apply linear control theory, nonlinearity should be averaged and
linearized. The modelling and analysis of BBDC in boost mode and buck mode is presented
using state space averaging (SSA) method [18-20]. The SSA method is used to derive small

signal averaged equations of pulse width modulated converter and it requires considerable
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matrix algebra for deriving various transfer function and step responses. The SSA method
provides good intuitive insight into converter behaviour. The state space is canonical form for
writing the differential equations which describe a system. The circuit averaging method [41]
is based on average value of voltage and current rather than instantaneous values and this
method also leads to linear equivalent circuit. Transfer function of BBDC in boost mode has
zero in the right half s-plane and this system is called non minimum phase system. Right half
plane (RHP) zero determines a phase lag in loop gain of the of the voltage mode controlled
BDDC in boost mode forcing the maximum cross over frequency to be placed at most below
RHP frequency. Stability analysis of feedback loop requires proper selection of compensator
or controller. Feedback compensator can be designed by the K factor method [21] which
defines with few algebraic equations and this scheme can be used to achieve desired cross

over frequency and the phase margin.

2.2 Steady State Analysis of Bidirectional DC-DC Converter (BDDC)
The basic circuit diagram of conventional bidirectional dc-dc converter is as shown in
Figure 2.1. Conventional BDDC constitutes buck and boost dc-dc converter which normally

operate in CCM.
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Figure 2.1 Basic circuit diagram of bidirectional dc-dc converter

The equivalent circuits and waveform of BDDC in boost mode ( S2and D1 conduct)

operates in CCM is shown in Figure 2.2. The operation of BDDC in boost mode is as follows:

Duringd1=0T,, S2 is turned on and D1 is turned off, an equivalent circuit of BDDC
in boost mode is as shown in Figure 2.2(a), and initially charged capacitor (C, ) supplies the
power to the load (R,) and current through inductor (L) increases linearly. During

d2=(1-0)T,, S2 is turned off and D1 is turned on, an equivalent circuit of BDDC is as
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shown in Figure 2.2(b), and power supplied from the battery ( E,) charges the capacitor (C,)
and supply power to the load.
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Figure 2.2 Equivalent circuits and waveform of BDDC in boost mode.

Under steady state, the average current through an inductor (ILB) in boost mode is given by

V,-V ,1-0
ILB — . 1 71( ) (21)
R,(1—9)" +r1 40Ty, +1;,(1-0)
and an average output voltage (V,) in boost mode is given by
V2 :Vl_ILB[rL+5rD52+rf1(l_5)]_vy1(1_5) (2.2)

(1-9)
where ¢ is the boost mode duty ratio.

The equivalent circuits and waveform of BDDC in buck mode ( S1and D2 conduct) operates

in CCM is shown in Figure 2.3.

The operation of BDDC in buck mode is as follows:

Duringd; =&,T, =(1—6)T,, S1 is turned on and D2 is turned off, an equivalent circuit
of BDDC in buck mode is as shown in Figure 2.3(a). Power supplied from the battery (E,)
charges both the capacitor (C,)and supplies power to the load (R,)and inductor (L)stores

energy. During d; =(1-9)T,, S1 is turned off and D2 is turned on, an equivalent circuit of

BDDC is as shown in Figure 2.3(b). Energy stored in an inductor discharge through capacitor

(C,)and supplies the power to the load (R,).
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Under steady state, the current through an inductor L (1) is given by

V.0, -V _,(1- ¢,
||_ — 2¥1 72( l) (23)
R1+rD5151+rL _rf2(1_51)

L 3L

(a) During on time of S1 (dl]) (b) During conduction of D2 (dé)
A
V‘”I ol =(1-0)1T, (1-06)71, =0T,
- L -
1 1

= dl - dz - t

ill :\_’—
(c)Gate pulse and inductor current 7; {

Figure 2.3 Equivalent circuits and waveform of BDDC in buck mode.
and an average output voltage (V,)in buck mode is given by
V251 _V;/Z (1_ 51)
R1 + rDSl5l I - rf2(1_51)

where ¢, is the buck mode duty ratio.

Vi=LR =

R (2.4)

2.3 Design of BDDC for Continuous Conduction Mode
Specification of BDDC in boost mode and buck mode are tabulated in Table 2.1.
Table 2.1 Specification of BDDC

Parameters Boost mode Buck mode
Supply voltage 48 V£10% (E,) 70Vx10% (Ey)
Output voltage 70V (V,) 48 V (V1)
Load current 5A (1) 6 A ()
Operating frequency 100 kHz (f5) 100 kHz (fs)
Ripple current Ai g =10%I Ai, =20%I,
Ripple voltage Av, =3%yv, Av, =1%yv,
Efficiency (assumed) 17, = 90% n=90%
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2.3.1 Design of BDDC in Boost Mode for CCM

Based on specifications of BDDC in boost mode for CCM as tabulated in Table 2.1,
filter components (inductor L and capacitor C) of BDDC can be designed with help of
minimum, nominal and maximum values of DC voltages and currents [20].

Minimum, nominal and maximum values of DC input voltages are given by following

V. =42V, V, =48V, and V,  =55V.

1min nom 1max

The maximum and minimum values of load currents are given by the following

I =05A, and | =5A

2min 2max

The maximum and minimum values of output powers are given by the following

P =350W, and P =70W

02max 02min
The maximum and minimum values of load resistances are given by the following

R :L:MOQ

2max
2min

=Y 140

2min
|

R

2max

Minimum, nominal and maximum values of DC voltage ratio in boost mode are

G1min = V—2 = E :126 '
Vlmax 55

Grom = Ve 10 1.45, and
Vlnom

Gy = Vo 70 _1 66
V. 42

1min

Minimum, nominal and maximum values of duty ratio in boost mode are

s =1--h _0.285,

min
1min

5 =1-—h__032 and

nom
1nom

5. =1-"h _045

1max

Since 6, =0.285< E the minimum value of inductance is required to operate BDDC

in boost mode for CCM can be calculated as

 RopOmax 1= Sa)? 140 0.45x (1-0.45)?

it 21, 2x100000

=95.28 uH
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Inductor (L)must be selected more than the minimum value such that the converter

operates in CCM i.eL=125L =120 uH . P42/29 ferrite core is selected with SWG 14 wire

gauge to carry the full load current. The detailed steps to select the core and wire gauge are
given in Appendix A.

The voltage and current stress on the MOSFET and diode are

Vsomax = Vorm =100V, and
e ViOmax (1= O
ISZmax = IDlmax = 1_25 + : 2(f L ) :95A

One can select IRFP450 with Vi =120V, I, ... =10A, 1,5, =30 mQ . An MUR1560

ultra-fast recovery diode is also selected, which has Vp,,, =120V, Iy, =15A, V, =0.7V

and r,, =17.1mQ.

The ripple voltage in output is
V., =0.03V, =0.03x70=0.21V

Let us assume that the ripple voltage is equally divided between the capacitance and the
equivalent series resistance (ESR). Thus

V. 021
VCpr = E = T = 01V

Hence, the maximum ESR is

\Y
Feomax = | 01 6.66 mQ

V,

rc2pp =

D1max
And the minimum filter capacitance is

v .
C, o OmMe 0370 .. o
f.R 10000014 x0.1

2minvc2 pp

Boost mode output capacitor is selected asC, =200 xF .

2.3.2 Design of BDDC in Buck Mode for CCM
Based on specifications of BDDC in buck mode for CCM as tabulated in Table 2.1,
filter components (inductor L and capacitor C) of BDDC can be designed with help of

minimum, nominal and maximum values of DC voltages and currents [20].

The minimum, nominal, and maximum values of the input voltage areV, ., =65V,

min

Vorom = 70V, andV, . =75V. The maximum and minimum values of load currents are

limin =0.75A, and 1, =6A

Imax
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The minimum and maximum values of the DC output power are

I:)02mir1 :Vlllmin :48X1:48W’ and
P = Vil =48x6=288W

The maximum and minimum values of load resistances are given by the following

Rinex = Vi =64 Q
1min

I:\>1min = Vl :8 Q
Ilmalx

Minimum, nominal and maximum values of DC voltage ratio in boost mode are given

by following

G2min :L:4_8:0'64’
V2max 75

Grom = Vi = 48 =0.685, and
V2n0m

Gox = Vi = 48 =0.738
V. 65

2min

Minimum, nominal and maximum values of duty ratio in buck mode are given by

following
Sy = Comin _ .71,
n
Orrom = Caon _ 0.7611, and
n
51max = szax = 0'82
n

The minimum value of inductance is required to operate BDDC in buck mode for CCM
can be calculated as

R @=6mn) _, _ 64x(1-0.72)

min min = 928 IUH
21, 2x100000

Inductor(L)must be selected more than the minimum value such that the converter

operates in CCM i.e L=1.25L, =120 ,n . P42/29 ferrite core is selected with SWG 14 wire

gauge to carry the full load current. The detailed steps to select the core and wire gauge are
appeared in Appendix A.

The maximum inductor ripple current is
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. V(1-6,,,)  48(1-0.711)
Al o = = —=115A
f.L 100000x120x10
The voltage and current stress on the MOSFET and diode are
VSlmax :VDZmax :100V
ISlmax = ID2ma>< = Ilmax AILZmax = 65A

One can select IRFP450P with Vi =120V, | =10A,ry, =30 mQ . An MUR1560

S2max

ultra-fast recovery diode is also selected, which has V, =120V, | =15A, Vv, =07V

Dlmax Dl1max

and r,, =17.1 mQ2.

The ripple voltage in output is

V. =0.0V, =0.01x 48 = 0.48V

If the filter capacitance is large enough, V, =r.,,.. Al and the maximum ESR of the

L max
output filter capacitor is
VI‘

leomax =
L max

=0.417 Q

The minimum value of the capacitance at which the ripple voltage is determined by the

ripple voltage across the ESR is

5max 1- 5min 5max
C1min =max ! =
2fsr02 2fsr02 2fsrc2

C

1min

=3.8 uF

Buck mode output capacitor is selected as C, =4 uF

2.4  State Space Averaged Model for BDDC

Dynamic behaviour of BDDC can be examined with the help of finding analytical
expression for derivative state variables (current through an inductor and voltage across
capacitor) during ON and OFF duration in each mode of operation. The number of state
variables in the converter in each mode is equal to the number of energy storage elements
over the switching period [93]. In order to design the proper controller for stable operation of
BDDC, small signal control to duty ratio relationship can be derived with the help of SSA
method [18-20]. By taking into account parasitic resistances of filter components and power
switches and also the cut in voltage of the power diode, small signal open loop control to
output transfer function of BDDC can be derived.
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2.4.1 BDDC in Boost Mode

In order to understand the characteristic behavior of BDDC in boost mode operation,
small signal equations [94, 95] of the converter can be obtained by applying Kirchhoff’s
voltage and current law. In boost mode, current through an inductor i ; and voltage across C,

(Ve )are treated as state variable (x), its derivative parameter and output voltage equation

can be obtained in terms of the converter system parameters by applying KVVL and KCL for

non-ideal equivalent circuits.

During the interval of on state (dl) of BDDC in boost mode as shown in Figure 2.2(a),

derivative of state variable (x) and output voltage equations can be obtained by the following,

State variable x = [\'/LB :I ,and e, :{El}

c2 Vfl
di Mo, + 1,
dIi:B - _ DSZL L ILB+% (25)
d 1
o2 Ve, (2.6)
dt C,(r.,+R,)
RZ
v, = v 2.7
2 r02+R2 C2 ( )
Duringdl=T,,
X=Ax+Be (2.8)
_rD82+rL 0 1 0
Where A= L 1 is the system matrix, B, {I } is the input matrix and
0 00

B Cz (rcz + Rz)
output voltage during on time of BDDC in boost mode is given by (2.9)
v, =C/ X (2.9)

where C[ :{0 RZR ] is the output matrix.

Cc2 + 2
During the interval of off state (d 2) of BDDC in boost mode as shown in Figure 2.2(b),

derivative of state variable (X) and output voltage (v,) equations can be obtained by the

following relations

' Mo+ v
dig N ¢ SIS e.R, i, — R, VC2+5__}/1 (2.10)
dt L L, +R)|™® L, +R) < L L
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dve, R, . 1

= I — v 2.11
Gy, tR) G, Ry @1
R R (2.12)
., +R, r,+R,
Duringd2 = (1-9)T,,
X=AX+B,g (2.13)

R 1

2

r-fl—i_rL rcsz Rz
T "LiRr)) Lr+R) 11
where A = ez ez 2/ B,=|L L|and
N o+ 0
C,(r,+R) C,(r,+R)

Output voltage equation during d2=1-4T, of BDDC in boost mode is given by (2.14)

v, =C, X (2.14)

Rr R
where C; =| —=< 2
r,+R, r,+R,

Small signal open loop control to output transfer function of BDDC in boost mode

relationship can be obtained using SSA method [17-19] by the following definition

o(9)

=C"[sl - A]" f +gX (2.15)

A
v =0

whereC' =C/6+C; (1-6), A=A5+A,1-5), f =[A -A]X+[B -B,]E,q=C/ -C;,
X =—A"BE, and B=B,5+B,(1-6).

By solving the (2.15) equation, small signal open loop control to output transfer
function of BDDC in boost mode can be simplified as

1 1 2
ol v [s+C2rC2]£s—L{RZ(1—5) —{er52+(1—5)r“+rL}D (2.16)
§AS) i (1—5)(R2+I’C2) , Cz[{ﬁrosz+(1_5)rf1+rL}(R2+rcz)+(1_5)2rch2}+|— {5|'D52+(1—5)I‘f1+l’|_}+R2(1—§)2
S LC,(R+1) ' LC,(R +1)

In the above transfer function,vzﬁs) ,5(s), and vl are the small signal variations of the output

voltage, duty cycle, and input voltage of BDDC in boost mode respectively.
Small signal open loop control to output transfer function of BDDC in boost mode

(2.16) is a second order low pass function. It has common two-pole low pass filter and two
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1-6

JLG,

, and other zero in the right half

. The

zeros. The common two-pole low pass filter’s corner frequency occurs atw, =

first zero in the left half plane (LHP) occurs atw,, =— ;
2°C2

plane (RHP) occurs atw,, = 2 Variablesw_ and w,, are functions of duty ratiod . The

(1-6)'R
L

physical occurrence of the RHP zero is that when there is a step rise in duty ratio, the initial

dv, )\ . . : .
slope of the output voltage (d_tlJ is negative, which averages that the output voltage will

drop instantly. Special care is required when designing the controller for the system to have
acceptable gain and phase margins.

Substituting the design values of boost mode BDDC in (2.16), which results in boost
mode BDDC system transfer function (2.17), the corresponding frequency response (bode
plot) and unit step response plot are shown in Figure 2.4 and Figure 2.5 respectively.

VZA(S) ~ —0.6119s% —8290s+1.872x10%

G () =212 =
poost (5) S $2+975.75+1.763x107
()]s

(2.17)

Equation (2.17) results with complex conjugate poles (-488+j4.17x10%) lie at
frequency 668 Hz, one zero (-6.24 x10*) at 9.95 kHz and other zero (4.9x10*) lies in RHP

at 7.79 kHz. This system is unstable, because one of the zero lies in right half s-plane.

2 Galnmargm(GM)=136dB O A R S R e s
at2.88 kHz o Bt

Magnitude (dB)

Phase (deg)

" Phase margin (PM)=-15.99 degrees
©at112kHz o

AT i e e o T e e VO I o LA Cooe 0 (O

Frequency (kHz) 10' 10

Figure 2.4 Bode plot of the state space averaged model of BDDC in boost mode.
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From Figure 2.4, BDDC in boost mode results with the gain margin (GM) of —18.6
dB at 2.55 kHz and phase margin (PM) of —5.99%at 11.2 kHz. The above system is a non-
minimum phase system.

From Figure 2.5, BDDC in boost mode results with the rise time of 272 ps, peak over
shoot of 1.7 V with overshoot of 69.6% at 748 ps, settling time of 7.7 ms and steady state

value of 1 V. The above system is an under damped and unstable system.

18 T

Peak voltage=1.7 V
Peak time=748 pys
Overshoot=69.6%

Settling timéf?.j ms

| | | | |
0.004 0.006 Time (seconds) 0.008 0.01 0.012 0.014

Figure 2.5 Unit step response plot of the state space averaged model of BDDC in boost mode.
2.4.2 BDDC in Buck Mode

In buck mode, current through an inductor L (i ) and voltage across C; (v, )are
treated as state variable(x), its derivative parameter and output voltage equation can be
obtained in terms of the converter system parameters by applying KVVL and KCL for non-
ideal equivalent circuits.

During the interval of on state (dll) of BDDC in buck mode as shown in Figure 2.3 (a),
derivative of state variable (% ) and output voltage (v,) equations can be obtained by the

following relations

ﬂ:{(RDs1+rL)+ RiRcy }i R B (2.18)
dt L LRa+R)|" LRy+R) &L |
v, . R 1 (2.19)

it CR,+R)" CR,+R)©

v, = Re:Ry i+ R Ve, (2.20)
RC1+R1 RC1+R1

During d; =(1-5)T, =4T,, state variable x :{\;L } ,ande, = [\/Ez}
1

C y2
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% = A +Bse, (2.21)

_(uw +1), R, ] R .
where & _ L L(rcl + Rl) L(rc1 + Rl) ’ 83 — E 0 and
_ R 1 00
C(r,+R) C(r,+R)
Output voltage equation during on time of BDDC in buck mode is given by (2.22)
v, =Clx, (2.22)

where C; ={ uR R }
rCl + Rl rCl + Rl

During the interval of off state (d;) of BDDC in buck mode as shown Figure 2.3 (b),

derivative of state variable and output voltage equations can be obtained by the following

relations

ﬂz{(rfz ), R }iL_\ﬁ (2.23)
dt L L(rei +R) L
dve, R 1 (2.24)

i|_ - VCl
dt Cl(r(:l + Ri) Cl(rcl + Ri)

PR LGN (2.25)

- L VCl
r-Cl + R1 rCl + Ri

During d; =T, —d; = (1-6,)T,,

k= AX B, 226)
'_[(rf2+n>+ LR ] R .
where A, = b HrR)) L eR) 8,=° "L |and
_ R 1 0 0
Cl(rCl + Rl) Cl(rCI + Rl)_

Output voltage equation during off time of BDDC in buck mode is given by (2.27)
v, =C % (2.27)

r_| TR R
where C, —LerRl 4R

Small signal open loop control to output transfer function of BDDC in buck mode

operation relationship can be obtained using SSA method [18-20] by the following definition
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LIOICY [sl-AT f,+q.X, (2.28)

4(8) v,=0

where C =C[5 +C[(1-8), A=A +AW-5), T=[A-A]X +[B-B]E,
q, :C; _C: J X1 :_A%ilBsEz and Bs = 8351 + B4(1_§1)'
By solving the (2.28) equation, small signal open loop control to output transfer

function of BDDC in buck mode can be simplified as

6 :[VlJ 1+sr.,C, (2.29)
5123) 0 R L 2 RiIe,
5=0 l+s[r01C1+{R1+rL C1+R1+rL +s°LC, R+1.

In the transfer function,vlfs),alﬁs), and \;2 are the small signal variations of the output
voltage, duty cycle, and input voltage of BDDC in buck mode respectively.
Small signal open loop control to output transfer function of BDDC in buck mode
(2.29) is a common two-pole low pass filter, with a LHP zero introduced by the ESR of the
1

i<

. The magnitude of the transfer

filter output capacitance. The corner frequency of the low pass filter occurs atw,, =

The zero in the left half plane (LHP) occurs atw,, =—

lr01
function varies on buck mode duty ratio d, .
Substituting the design values of buck mode BDDC in (2.29), which results in buck
mode BDDC system transfer function (2.30), the corresponding bode plot and unit step

response plot are shown in Figure 2.6 and Figure 2.7 respectively.

vlfs)‘ _3316.355 + 2x10°

A Y 9
51(5) \,Azzo $°+33354s+2x10

Equation (2.30) results with complex conjugate poles and one zero. This system is

GBuck (S) =

(2.30)

marginally stable because all the poles and zeros lie in the left half s-plane.
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Figure 2.6 Bode plot of the state space averaged model of BDDC in buck mode.
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Figure 2.7 Unit step plot response for the SSA model of BDDC in buck mode.

From Figure 2.7, BDDC in buck mode results with the rise time of 30.7 us; peak over
shoot of 1.3 V with overshoot of 30.5% at 71.8 s, settling time of 240 us and steady state

value of 1 V. The above system is an under damped system.
2.5 Design of Compensator/ Controller for BDDC

2.5.1 Block Diagram of Closed Loop BDDC System

Block diagram of closed loop BDDC either in boost mode or buck mode is as shown in
Figure 2.8. Whenever supply voltage and load current change, the converter with the proper
feedback circuit should be designed to obtain the reference voltage which corresponds to the
desired output voltage and then proper controller must be designed. Pulse width modulator
(PWM) compares the control voltage generated by the controller with the fixed frequency saw
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tooth wave, and it decides the duty ratio for the switches of BDDC operates either in boost

oo
ret ( )ve Controller/ Ve PWM o BDDC in Vo
v Compensator - Buck/Boost mode

V¢ |
111
Saw-tooth wave

mode or buck mode to meet the desired line and load regulation [96].

Y
\J

Sensor/
Feedback gain -

Figure 2.8 Block diagram of closed loop BDDC system.

Type 111 error amplifier (EA) [21, 97] is also called as third order integral double lead
controller is shown in Figure 2.9. It has a pole at origin and has two pole-zero pairs. This
controller is designed to provide high gain at low frequency and low gain at high frequency to
achieve the reduced dc error, closed loop output impedance is to maintain sufficient degree of
relative stability. Phase lag introduced from the actual system can be reduced to desired phase

boost over the bandwidth by the type Il compensator and leads to faster step response.
Typical range of phase margin lies between 45°and60°, and the gain margin lies between 6

dB and12 dB. Lower value of phase margin gives the fastest response and shorter settling
time, and more ringing with maximum overshoot in transient response. By suitably selecting

phase margin and phase boost, type 111 error amplifier elements can be determined.

%1
R3 (I_?3 i ||_
—\VVV AVAAY,
Vi ) R2 C2
— AN—-
R1 v, Ve
+
Vref:f

Figure 2.9 Schematic diagram of type Il error amplifier/compensator

Figure 2.9 shows the schematic diagram of type Il error amplifier and its forward

voltage transfer function is given by
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1 1
(RL+ Rs)(“ chzj{H (RL+ R3)C2]

Cl+C2 1
R1R3C1[s+ R2C1C2j[s+ R3C3js

Ge(5) = (2:31)

The values of resistor and capacitor are suitably designed with open loop system’s

gain margin and suitable phase margin to achieve desired loop bandwidth of the converter

system using ‘K’ factor method [21].

2.5.2 Design Method of Compensation Network:

Type 111 compensator [21] for BDDC can be designed with the following steps:

1.

Generate open loop bode plot of small signal transfer function control to output

voltage of the BDDC system along with the feedback factor and PWM gain.

Select a cross over frequency (fc) between one-tenth and one-fourth of switching
frequency ( f,)

Select the desired phase margin (PM) between 45° and 60° for stable operation of
the BDDC system.

Corresponding to stepl, measure the gain corresponding to the selected cross over

frequency, and determine error amplifier gain (G) which will be simply negative

of measured gain indB.
Corresponding to stepl, measure phase shift corresponding to the selected cross
over frequency, and determine the required phase boost which is calculated by the

following expression

Phaseboost = PM , — PS_ —90° (2.32)
where PM,, is the desired phase margin and PSis the phase shift introduced by
the system.

The type 3 error amplifier will be selected where the desired phase boost is less
than180°.

Select the value of R1 as high as possible. R1 reduces the value compensation
capacitors.

Resistors and compensation capacitors value of the type 3 error amplifier can be
calculated using K factor by the following equations
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K = {tan KWJ+4SO}} (2.33)

1

C2=— (2.34)

27 f GR1
Cl=C2(K-1) (2.35)
__ K (2.36)

27 f.Cl

R1
R3= 2.37
1) (2.37)
c3-— 1 (2.38)
27 f JKR3 '

With the above values, loop gain of the compensated system will be unity at cross over
frequency (fc)and phase margin will be as the desired value. The required gain of an error

amplifier will be less than the open loop gain of an error amplifier.

2.5.3 Design of Type 111 Error Amplifier/Compensator for BDDC in Boost Mode

In order to understand the system behaviour of the BDDC in boost mode against line
voltage variations and load transients, the open loop bode plot of small signal transfer
function control to output voltage of the BDDC in boost mode is plotted for different input
voltage ranges 40 V, 45 V, 48 V, 51 V and 55 V, and open loop unit step response plot for the
same are shown in Figure 2.10 and Figure 2.11 respectively. Similarly the open loop bode
plot of small signal transfer function control to output voltage of the BDDC in boost mode is
also plotted for different load current of 1 A, 2 A, 3 A, 4 A, and 5 A, and open loop unit step

response plot for the same are shown in Figure 2.12 and Figure 2.13 respectively.

T T T L e |

, : ————
50— : :
40 . - :

GM=-186 d

10 : : ; at2.65 kHz

— s1_40V
s4_45V
sys_48V
sT_81V
$10_56V

Magnitude (dB)

Phase (deg)

i | PM=699 degrees
. at11.2kHz

i i i i H TR S SO T | H i H TR SN T W
10" 10" Frequency (kHz) 10" 10°

Figure 2.10 Open loop bode for different input voltages of BDDC in boost mode.
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Figure 2.11 Open loop unit step plot for various input voltage of BDDC in boost mode.
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Figure 2.12 Open loop bode for different output load currents of BDDC in boost mode.
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Figure 2.13 Open loop unit step plot for different load current of BDDC in boost mode.
The BDDC in boost mode is not stable for any input voltage of, 40 V, 45V, 48 V, 51 V

and 55 V and also the converter system is not stable even for the output load current of 1 A, 2
A 3A 4A and5 A.

The open loop transfer function of BDDC in boost mode uses with its forward feedback

1 o
factor (’3:%) which is used to convert the output voltage to the reference voltage
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(V =1V)corresponding to desired output voltage of 70V, and then multiply by the PWM

ref
gain(GpWM :%j in which fixed frequency saw tooth wave magnitude of 3 V is considered.

Open loop transfer function of BDDC in boost mode along with the feedback factor and
modulator is obtained (2.39) and plotted in Figure 2.14.

—0.002914s? —39.48s +8.914x10%

72—
> 52 +975.7s+1.763x10°%

(2.39)
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c o
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Figure 2.14 Bode plot of open loop BDDC in boost mode with feedback and modulator.
Corresponding to f. of 2 kHz in Figure 2.14, phase shift of —178°and gain of —23.5decibel

(dB)are measured. Type Il compensator is being selected based on the phase shift

introduced by the BDDC in boost mode. Elements of type 111 compensator are calculated with
the help of K factor method in (2.33),(2.34),(2.35),(2.36),(2.37), and (2.38) by assuming the
desired PM of 60° and detailed calculation is given in Appendix-B. After substituting the
selected values of resistor and capacitor values in (2.31), the type Il compensator forward

transfer function for BDDC in boost mode is obtained (2.40) and plotted in Figure 2.15.

sys3— 9.519x106s? +3.362x10'% +2.969x10'3
s3+1.788x10°s2 +7.995%x10%s

Loop transfer function of BDDC in boost mode is obtained in (2.41) which combines

(2.40)

with the system transfer function, feedback factor, modulator gain and compensator. Loop
bode plot of BDDC in buck mode (2.41) is shown in Figure 2.16 and corresponding closed

loop unit step response is shown in Figure 2.17 .

—2.774x10%s* —4.738x108s° +8.345x10"s% + 2.986 x10% s + 2.647 x10% (2.41)

Sysd =
y $° +1.798x10°s* +8.187 x10°s® +1.095x10*3s% +1.409x10" s
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Figure 2.15 Bode plot of type 111 compensator for BDDC in boost mode.
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Figure 2.16 Loop bode plot of BDDC in boost mode.
From Figure 2.16, BDDC in boost mode results with PM of 60° which is obtained

corresponds to loop cross over frequency of f.=2kHzand GM of 12.6 dB is obtained

corresponds to -180%phase at 12.3 kHz for input voltage of 48 V and load current of 5 A.

From Figure 2.17, BDDC in boost mode results with rise time 90.1 s, peak over shoot
of 1.06 V with 5.63% at 214 ps, settling time of 3.35 ms and steady state value of 1 V for
input voltage of 48 V and load current of 5 A.

Loop bode plot and closed loop unit step response of BDDC in boost mode for different
input voltages of 40 V, 45V, 48 V, 51 V, and 55 V are shown in Figure 2.18and Figure 2.19
respectively. Loop bode plot and closed loop unit step response of BDDC in boost mode for
different load currents of 1 A, 2 A, 3 A, 4 A and 5 A are plotted in Figure 2.20 and Figure
2.21 respectively.
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Figure 2.17 Closed loop unit step response plot of BDDC in boost mode
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Figure 2.18 Loop bode plot of BDDC in boost mode for different values of input voltage.
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Figure 2.19 Closed loop unit step plot of BDDC in boost mode for different input voltages.
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From the loop bode plot as shown in Figure 2.18, GM of 12.7 dB and PM of 60°are
obtained for different values of line voltages of 40 V, 45V, 48 V/, 51 V, and 55 V.

Similarly from the closed loop unit step response as shown in Figure 2.19, BDDC in
boost mode for 55 V results with rise time 88.6 us, peak over shoot of 1.06 V with 5.689% at

214 ps, settling time of 3.35 ms and steady state value of 1 V.
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Figure 2.20 Loop bode plot of BDDC in boost mode for different values of load current.

From the loop bode plot as shown in Figure 2.20, GM of 12.7 dB and PM of 50°are
obtained for different values of load currentof 1 A, 2 A, 3 A, 4Aand 5 A.
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Figure 2.21 Closed loop unit step plot of BDDC in boost mode for different load currents.

From the closed loop unit step response as shown in Figure 2.21, BDDC in boost mode

for load current of 5 A results with rise time 85.1 ps, peak over shoot of 1.09 V with 9.09% at
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213 ps, settling time of 2.97 ms for 5 A, settling time of 3.08 ms for 1 A and steady state
value of 1 V.

GM and PM are within safe limits corresponding to cross over frequency and then the
type Il compensator stabilises the BDDC in boost mode for different input voltages and load

transients.

2.5.4 Design of PID Controller for BDDC in Buck Mode

Proportional-integral-derivative (PID) controller consists of phase lead and lag
compensator. Phase lead compensator is a proportional-derivative (PD) controller, and phase
lag compensator is a proportional-integral (PI) controller. PID controller can be used to
achieve desired phase margin, high loop gain and wide control bandwidth. PID controller is
being widely used as controller in most of the power electronics system. The PID controller

can be defined by the transfer function, and is represented by the following expression
Gop(8) =K, +ﬁ+ Kps (2.42)
S

Integral constant K, leads to increase the gain at low frequency. Derivative constant K,
is responsible for the system stability and transient response by improving PM and f, at high

frequency. Proportional constant part K, increases the speed of the system response. The PID

controllers used in process industry are normally tuned using Ziegler-Nichol’s (Z-N)
techniques [98]. The block diagram of closed loop PID controller for BDDC in buck is as
shown in Figure 2.22. It consists of small signal output to control ratio of BDDC in buck

mode transfer function (G, (S))block, sensor or feedback block(), PID controller block

(Gpip(s)), and PWM gain block (Gpyy, )-

N
ref Ve Ve (S‘ ‘ . Vo

_’@_’ Grin(8) Grwm > Gguck(s)

Y

Sensor/
Feedback gain (f)

A

Figure 2.22 Block diagram of closed loop PID Controller for BDDC in buck mode
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In order to understand the system behaviour of the BDDC in buck mode against line
voltage variations and load transients, the open loop bode plot of small signal transfer
function control to output voltage of the BDDC in buck mode is plotted for different input
voltage ranges of 60 V, 65 V, 70 V, 75 V and 80 V, and open loop unit step response plot for
the same are shown in Figure 2.23 and Figure 3.24 respectively. Similarly, the open loop bode
plot of small signal transfer function control to output voltage of the BDDC in buck mode is
plotted for different output load current of 1.25 A, 25 A, 4 A, 5 A, and 6 A and open loop
unit step response plot for the same are shown in Figure 2.25 and Figure 2.26 respectively.

The BDDC in buck mode is stable for any input voltage of 60 V, 65 V, 70 V, 75 V and
80 V, and also the converter system is stable even for the output load current of 1.25 A, 2.5 A,
4A,5A, and 6 A.

60 ——r ——— —— — ; :

sys_60V

N
=
[

Magnitude (dB)
(=]

System sys_60 ¥
Phase Margin (deg): 36.1

Delay Wargin (sec). 1 68e-06 @
A4 frequency (kHz) 535
Closed loop stable? Yes

Phase (deg)
)
o
[

135 —
-180:7'77P747‘ IH‘Hn ‘ ‘ : ;‘;“1 77777 ‘ bt H2 77;77+ I ‘I‘Hz 477;74 == 4
10 10 10 10 10 10
Frequency (kHz)
Figure 2.23 Open loop bode for different input voltages of BDDC in buck mode.
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Figure 2.24 Open loop unit step plot of different input voltages of BDDC in buck mode.
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Figure 2.26 Open loop unit step plots for different load currents of BDDC in buck mode.

The open loop transfer function of BDDC in buck mode uses with its forward feedback

1 L
factor ('Blzﬁj which is used to convert the output voltage to the reference voltage

(V,eflzlv)corresponding to desired output voltage of 48 V, and then multiply by the

modulator gain(vMl :%J in which fixed frequency saw tooth wave magnitude of 3 V is

considered. Open loop transfer function of BDDC in buck mode along with the feedback

factor and modulator is given by (2.43)

(s) _ 1538.29s+961.39x10°
s2+33394s+2x10°

(2.43)
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PID controller has been designed for BDDC in buck mode to improve loop gain,
crossover frequency and phase margin, zeros of the PID controller are used to cancel out the
system’s dominant poles. Although this may work, especially when large time delays are
present [99, 100]. The transfer function of the PID controller for BDDC in buck mode is
given by(2.44)

4
Gppp (S) = 9.39+@+67x10-6s (2.44)

An equivalent digital controller [88] using bilinear transformation technique in Z
domain corresponding to sampling time Ts=10 s for (2.44) is given by

2 _
23.667 Z25)._0152+4.885 (2.45)

GPID (2)=

Loop transfer function of BDDC in buck mode is obtained in (2.46) which combines
with the system transfer function, feedback factor, modulator gain and compensator. Loop
bode plot of BDDC in buck mode is shown in Figure 2.27 and corresponding closed loop unit
step response is shown in Figure 2.28.

0.1031s® +7.886x10%s% +9.297 x10%s +1.68 x10™
s® +33394s° +2x10°s

From Figure 2.27, BDDC in buck mode results with PM of 60.3° is obtained

(2.46)

GBuckcIosed (S) =

corresponds to loop cross over frequency of f. =19.9 kHz and GM ofo dB corresponds to

—180° phase for input voltage of 70 V and load current of 6 A.

From Figure 2.28, BDDC in buck mode results with rise time 10.5 us, peak over shoot
of 1.1 V with overshoot of 9.88% at 22.2 ps, settling time of 145 us and steady state value of
1V for input voltage of 70 V and load current of 6 A.
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Figure 2.27 Loop bode plot of BDDC in buck mode.
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Figure 2.28 Closed loop unit step response plot of BDDC in buck mode.

Loop bode plot and closed loop unit step response of BDDC in buck mode for different
input voltages of 60 V, 65 V, 70 V, 75 V, and 80 V are shown in Figure 2.29 and Figure 2.30

respectively.
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Figure 2.29 Loop bode of BDDC in buck mode for different values of input voltage.
Loop bode plot and closed loop unit step response of BDDC in buck mode for different
load currents of 1.25 A, 25 A, 4 A, 5 A and 6 A are plotted in Figure 2.31 and Figure 2.32

respectively.

From Figure 2.29, BDDC in buck mode results with PM of 60.3° is obtained

corresponds to loop cross over frequency of f, =19.9 kHzand GM ofo dB corresponds to

—180°phase for different values of input voltages of 60 V, 65V, 70 V, 75 V, and 80 V.
From Figure 2.30, BDDC in buck mode results with rise time of 11.1 ps, peak over
shoot of 1.05 V with overshoot of 4.99% at 22.2 ps, settling time of 166 s and steady state

value of 1 V for input voltage of 80 V.
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Figure 2.30 Closed loop unit step plot of BDDC in buck mode for different input voltages.
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Figure 2.31 Loop bode of BDDC in buck mode for different values of load current.
From Figure 2.31, BDDC in buck mode results with PM of 60.3° is obtained

corresponds to loop cross over frequency of f.=19.9 kHzand GM ofw dB is obtained

corresponds to —180° phase for different values of load current of 1.25 A, 2.5 A, 4 A, 5 A and
6 A.

From Figure 2.32, BDDC in buck mode results with rise time 11.1 us: peak over shoot
of 1.09 V with overshoot of 9.5% at 23.3 ps, settling time of 192 us for 6 A, settling time of
229 s for 1.25 A and steady state value of 1 V.
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Figure 2.32 Closed loop unit step plot of BDDC in buck mode for different load currents.

The comparative performance of type 3 error amplifier and PID controller on

conventional BDDC is as tabulated in Table 2.2.

Table 2.2 Performance of type 3 error amplifier and PID controller on conventional BDDC

Conventional BDDC

Boost mode

Buck mode

Type 3 compensator

PID controller

& Overshoot L, t Overshoot t

ws) | CO | ms) | @) | O] ()
Line voltage change | 88.6 |5.689 3.35 11.1 4.99 166
Load current change 85.1 9.09 3.08 11 9.5 229

From the Table 2.2, whenever the line voltage and load current change occurs, type-3

error amplifier for BDDC in boost mode will provide precise output by minimizing the rise

time, overshoot voltage and settling time. Similarly, PID controller for BDDC in buck mode

improves the performance of the BDDC whenever sudden change in line voltage (minimum

to maximum input voltage) and load current (minimum to maximum load) occurs.
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2.6 Simulation and Experimentatal results of BDDC
Non-ideal BDDC circuit has been used in the simulation and it has been carried out in
MATLAB/SIMULINK software. SimPowerSystem circuit model of BDDC in boost mode

and buck mode circuit is as shown in Figure 2.33.

2.6.1 Simulation of Conventional BDDC
To assess the feasibility of the type Il error amplifier control strategy for boost mode
and PID controller for buck mode, simulations are performed with the specifications as

tabulated in Table 2.3 of conventional BDDC power circuit.

Table 2.3 Specification and design parameters of conventional BDDC

Parameters Boost mode Buck mode
Supply voltage 48 V +£10% (Ey) 70 V £10% (E,)
Output voltage 70V (V,) 48 V (V1)

Load current 5A(lL) 6 A (lh)

Operating frequency

100 kHz (f5)

100 kHz ()

Duty ratio for nominal values

0.32

0.68

Inductor 120 pH 120 pH
Internal resistance of inductor 10.5 mQ 10.5 mQ
Output capacitor 200 pF 4 uF
Internal resistance of capacitor 6.6 mQ 0.47 Q
On state resistance of MOSFETs 55 mQ 55 mQ
Forward resistance of diodes 17.1 mQ 17.1 mQ
Cut-in voltage of diodes 0.7V 0.7V

2.6.1.1 Simulation Results and Discussions

In order to understand the behavior of BDDC, simulation circuit shown in Figure 2.33 is
carried out for 100 ms duration. BDDC operates as boost DC-DC converter from 0 to 50 ms.
Similarly the BDDC operates as buck DC-DC converter from 50 ms to 100 ms. Boost mode
average inductor current (I g) is considered as reference current, which is in the same
direction as the initial orientation of I g from 0 to 50 ms, buck mode average inductor current

(1) flows opposite to the initial orientation of I g from 50 ms to 100 ms. During boost mode,
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switch S, and diode D, will conduct, during buck mode switch S, and diode D, will conduct.

BDDC in boost mode carries an average inductor current I g of 7 A which results in ripple
current of 1 A, but BDDC in buck mode carries an average inductor current I, of 6 A which
results in ripple current of 1.2 A as shown in Figure 2.34.

Dynamic response of BDDC in boost mode against input voltage (V1) variations and
load current (I,) variations using type 3 error amplifier as shown in Figure 2.35 and Figure
2.36 respectively.

In Figure 2.35, when the BDDC operates in boost mode with constant load current I, of
5A, it results with negative slope because of RHP zero. When the BDDC operates in boost
mode against the input voltage V; varied from 48 V to 44 V, 44V to 50 V, 50 V to 48 V, the
desired boost output voltage V, has been reached to steady state voltage of 70 V within 5 ms
using type 3 error amplifier. In Figure 2.36, when the BDDC operates in boost mode against
the load current I, varied from 1 Ato 3 A, 3 Ato 5 A with constant input voltage V; of 48 V,
the desired boost output voltage V, has been reached to steady state voltage of 70 V within 3
ms using type 3 error amplifier.

Dynamic response of BDDC in buck mode against line voltage V; variations and load
current Iy variations using PID controller is shown in Figure 2.37 and Figure 2.38
respectively. In Figure 2.37, when the BDDC operates in buck mode with constant load
current I, of 6 A, when V; varied from 70 V to 65 V, 65 V to 68 V, 68 V to 72 V, the desired
buck output voltage V; has been reached to steady state output voltage of 48 V within 200 ps
using PID controller, also minimum overshoot voltage and less oscillations are obtained.

In Figure 2.38, when the BDDC operates in buck mode against the load current I varied
from 3 Ato5 A, 5 Ato 6 A with constant input voltage V, of 70 V, the desired buck output
voltage Vi has been reached to steady state output voltage of 48 V within 0.1 ms using PID
controller with minimum overshoot voltage.

From the Figure 2.35, to Figure 2.38, it can be noticed that, at any instant of the load
change, output voltage is stabilized at faster rate to the desired values in both the respective
boost mode and the buck mode. Also, it can be noticed that, the smaller overshoots and under
shoots during the instant of load changes from one load to other load.

2.6.2 Experimental Setup of BDDC

For conventional BDDC in boost mode, gate pulses are generated by the ezdsp
TMS320F28335 by comparing control voltage in counts with the up-down counter (saw-tooth
voltage) waveform. The compare values are 510 and 240 for BDDC in boost mode and buck
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mode respectively, and time base period (TBPRD) register is loaded with a value of 750. The
corresponding pulses are generated from the DSP processor are fed to TLP250 driver IC to
obtain required magnitude for switching operation of MOSFET switches of BDDC for boost
mode and buck mode operation. LA25 current transducers are used for measurement of
inductor current (both in boost mode and buck mode), LEM voltage transducers are used to

sense the input/output voltage of conventional BDDC.

2.6.2.1 Implementation of Digital Controller for Conventional BDDC

Using direct form-I structure, type Il error amplifier digital compensator and digital
PID controller is being implemented with the help of TMS320F28335 ezdsp to control the
dynamic response of the BDDC either in boost mode or buck mode. IRFP450 MOSFET
which is used as the switching device, which has drain-source breakdown voltage 500 V,
drain-source on state resistance of 0.33 Q at 150°c in converter system to achieve desired
output voltage against line and load variation and MBRF2010CT switch mode schottky diode
has been used to have low conduction loss and drop. MOSFET is connected with two set of
snubber circuit elements of 15 Q and 10 nF and hence reduces ringing across device
substantially to desired level. The stress on the lower diode in buck mode operation has also
been reduced significantly with the help of snubber elements of 56 Q and 1 nF. Each channel
output is optically isolated with the help of gate driver IC TLP250. The self-inductance of the
converter system to operate in CCM with P42/29 ferrite core is 120.4 pH. Low voltage (48V)
and high voltage bus (70V) are precisely maintained constant during the converter testing at

100 kHz operation.
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2.6.2.2 Experimental Results and Discussions

Steady state waveforms of BDDC both in boost mode and buck mode are as shown in
Figure 2.39 and Figure 2.40 respectively. Transient response BDDC in boost mode against
load current variation using type 3 EA and BDDC in buck mode against load current variation

using PID controller are given in Figure 2.41 and Figure 2.42 respectively.
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Figure 2.39 Steady state waveforms of BDDC in boost mode.
(Ch1- gate pulse, Ch2- switch voltage, Ch3- inductor current, Ch4- output voltage)

Figure 2.39 shows steady state output voltage (Ch4) for BDDC in boost mode at 70 V
steady state inductor current (Ch3) at 7.2 A while supplying 350 W with input voltage of 48
V. When the gate pulses (Ch1l) are applied to turn on the switch S2, voltage across the switch
(Ch2) results with 48 V during off time of gate pulses.

Figure 2.40 shows steady state output voltage (Ch4) for BDDC in buck mode at 48 V,
steady state inductor current (Ch2) at 6 A while supplying 288 W with input voltage of 70 V.
When the gate pulses (Chl) are applied to turn on the switch S1, voltage across the switch
(Ch3) results with 48 V during off time of gate pulses.

Dynamic performances of BDDC in boost mode against load current I, varied from 1 A
to 5 A with constant input voltage of 48V using type 3 error amplifier is as shown in Figure
2.41. In Figure 2.41, the performance of BDDC in boost mode with the sudden step change in
load current I, (Ch4) varied from 1 Ato 4 A and load current I, (Ch4) varied from 25 Ato 5

A are shown in Figure 2.41(a) and Figure 2.41(b) respectively, with constant input voltage V;
(Chl) of 48 V, type 3 error amplifier provides steady state output voltage V, (Ch3) of 70 V
within 100 ms.
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Figure 2.40 Steady state waveforms of BDDC in buck mode
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Figure 2.41 Experimental results of BDDC in boost mode against load current I, variation

using type 3 EA.

(Ch1- input voltageV, =48V , Ch3- output voltageV, , Ch4- load current)

Practical waveforms of BDDC in boost mode against load current I, varied from1 Ato5 A

with constant input voltage V; of 48 V , the desired output voltage V, of 70 V is obtained
using type 3 error amplifier which is closely matches with the simulated result.

Dynamic performances of BDDC in buck mode against load current 1; varied from 1 A
to 5 A with constant input voltage V; of 70 V using PID controller is as shown in Figure 2.42.
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Figure 2.42 Experimental results of BDDC in buck mode against load current I; variation
using PID controller.

(Ch1- input voltage V>, Ch2- inductor current I_, Ch3- output voltage Vi, Ch4- load current)

In Figure 2.42, the performance of BDDC in buck mode with the sudden step change in
load current I; (Ch4) varied from 1 A to 4 A and load current I; (Ch4) varied from 2.5 Ato 5
A are shown in Figure 2.42(a) and Figure 2.42(b) respectively, with constant input voltage V,
(Chl) of 70 V, PID controller provides steady state output voltage of V1(Ch3) 48 V within
150 ps and steady state inductor current (Ch2) at 5 A.

Practical waveforms of BDDC in buck mode against load current I;varied from 1 Ato 5
A with constant input voltage V, of 70 V, the desired output voltage Vi of 48 V is obtained

using PID controller which closely matches with the simulated result.

2.7 Conclusion

A comprehensive analysis, design, dynamic analysis using state space averaging
technique of conventional bidirectional dc-dc converter has been carried out. Design of type 3
error amplifier controller for BDDC in boost mode and design of PID controller for BDDC in
buck mode has been carried out, and performance of type 3 EA for boost mode and PID
controller for buck mode of conventional BDDC are also carried out.

From the analysis, design optimisation, modelling and design of controller for

conventional bidirectional dc-dc converter, the following conclusions are drawn
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Q) With the help of type 3 error amplifier for boost mode, phase margin of 60°
and gain margin of 12.7 dB are obtained corresponds to cross over
frequency.

(ii)  With the help of PID controller for buck mode, phase margin of 60.3° is
obtained corresponds to cross over frequency.

(i) Type 3 error amplifier and PID controller make the BDDC as stable against
the line or load change occur.

From the simulation and experimentation, the following conclusions are drawn

Q) Only common inductor is enough to achieve bidirectional operation of the non-
isolated BDDC. Optimistic selection of snubber circuit minimizes the parasitic
impedance effect at 100 kHz operation of BDDC.

(i) Design and implementation of 350 W BDDC with hard switching operation is
tested against load variation in both boost mode and buck mode separately.

(iii)  Design and implementation of BDDC with hard switching is being tested using
type 111 error amplifier for boost mode and PID controller for buck mode against
load current changes. Experimental results indicate type 11l error amplifier for
boost mode and PID controller for buck mode provide the less oscillation during
steady state and fast transient response during load transients.

(iv)  Results obtained during load transition in practice are closely matches with the

simulated results.
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CHAPTER 3: DESIGN, MODELLING, CONTROL, SIMULATION AND
EXPERIMENTATION OF THREE-PHASE INTERLEAVED BIDIRECTIONAL DC-
DC CONVERTER

[This chapter emphasizes on the design, steady state analysis, dynamic analysis using
state space averaging technique, design of type 3 error amplifier and fuzzy logic controller
for three-phase interleaved bidirectional dc-dc converter. Performance of type 3 error
amplifier controller and fuzzy logic controller for three-phase interleaved bidirectional dc-dc
converter is also emphasized. This chapter also describes the simulation model of type 3 error
amplifier for boost mode and PID controller for buck mode based three phase interleaved
bidirectional dc-dc converter is developed in MATLAB simulation platform. Several
simulation results are obtained for steady state, transient response for both the variations in
input voltage and load current changes. Simulation and experimental results of three-phase

IBDDC for load transients are compared in this chapter].

3.1 Introduction

In order to achieve the reduction of either voltage or current stress on the power circuit
elements, and better efficiency, a single power converter requires multiple devices in parallel
to handle higher magnitude of currents. Multi-phase interleaved bidirectional dc-dc converter
offers a significant input current ripple reduction and hence minimizes the size of filter
components and results in cost reduction. Optimal selection on the number of phases in
design [22] of IBDDC results with the current ripple cancellation, high ripple frequency, and
higher efficiency. Three-phase IBDDC has three inductors as compared to single phase
BDDC, and it increases the complexity. Three phase IBDDC operates in continuous
conduction mode have better utilization of switching devices, lower conduction loss, and
reduced electromagnetic interference. An interleaved converter operates in discontinuous
mode has reduction of inductor size, fast transient response, increased ripple current and
parasitic ringing [17]. With the help of interleaving technique, the total current through an
inductor of IBDDC can be easily reduced, current stress on the both low voltage and high
voltage side, and resulting with the reduced size of the filter components. Mathematical
modelling of interleaved bidirectional converter is essential to design a proper linear
controller, leads to maintain equal current in each phase of the converter. In order to apply
linear control theory, nonlinearity should be averaged and linearized. The modelling and
analysis of IBDDC in boost mode and buck mode is presented using state space averaging
(SSA) method [18-20]. The K factor method is defined with a few algebraic equations to
achieve preferred cross over frequency and the phase margin. Advanced power devices and
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control strategy is required to achieve high efficiency and high frequency operation. Digital
signal processor (DSP) is suitable for control of high frequency operation of the IBDDC
either in boost mode or in buck mode.

A voltage mode control of IBDDC in CCM and design of non-isolated IBDDC in boost
mode and buck mode is presented. The operating principle, steady state and small signal
analysis of non-isolated IBDDC are described. Stability analysis of the IBDDC is described
with the help of K factor method [21]. Type Il error amplifier/compensator and fuzzy logic
controller is fully implemented using ezdspTMS320F28335 processor. Design and
implementation of 350 W, 100 kHz three-phase IBDDC has also been described. Simulation
of three phase IBDDC is carried out to test the design and the performance of the converter
using MATLAB/SIMULINK SimPowerSystem; the same converter also been experimentally
tested in steady state and dynamic load change when the converter operates in either boost or

buck mode. Analysis is carried out for 32% duty ratio (D) in boost mode and 68% duty ratio

(D’) in buck mode of three-phase IBDDC.

3.2 Principle Operation of Three Phase Interleaved Bidirectional DC-DC Converter
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Figure 3.1 Basic circuit diagram of three-phase interleaved bidirectional dc-dc converter.

Figure 3.1 shows the basic circuit configuration of three phase interleaved bidirectional
dc-dc converter (IBDDC) consisting of 3 single stage bidirectional dc-dc converter and

normally operates either in boost mode or buck mode. Input and output capacitor is common

in IBDDC. Each of the phase current in boost mode is equal to %times the input current, but
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phase current in buck mode will be equal to %times the load current [38-40]. Each phase gate

pulse and inductor currents are shifted by 120°. Depending on the duty ratio of the IBDDC,
conduction in switches may overlap or not. When the IBDDC operates in overlapped mode,
the supply current ripple decreases. Input current ripple in boost /buck mode has 3 times the
switching frequency and will be equal to the sum of individual phase currents. Switching

devices can be controlled by providing phase shifted pulses. Phase of each pulse can be

calculated by the relation (%jwhere 'N' is the number of phases. Three boost/buck

converters are connected in parallel to increase the power by three times.
Considering the direction of inductor current as the reference, three-phase IBDDC
converter behaves as a three-phase boost dc-dc converter in one direction, and as a three-

phase buck dc-dc converter in other direction. When the Three-phase IBDDC operates as

boost dc-dc converter, switches Sa, Ss and Sg conduct for DT, duration, and diodes D;, D, and

D3 conduct for (1— DTS)duration. When the Three-phase IBDDC operates as buck dc-dc
converter, switches S;, S, and S; conduct for DT, duration, and diodes D4, Ds and Dg conduct

for (1-D'T, ) duration.

3.3 Steady State Analysis of Three-Phase IBDDC in Boost Mode

The operation of the three-phase IBDDC in boost mode operates in CCM is explained
with the non-ideal equivalent circuits, and the conduction of the switches with different states
is as shown in Figure 3.2. The waveforms corresponding to three phase IBDDC in boost
mode operates in CCM are as shown in Figure 3.3 for duty ratio D of 32%.

Three-phase IBDDC in boost mode operates in CCM, when the duty ratio D lies
between 0 and % with E, =0,R, =0 andi., =0. It has 6 modes of operation and each of the

mode is explained as follows:

Model: At t=0, gate pulse is applied to the switch S4 i.e during d1=DT,, switch Sy,
diodes D, and D3 conduct, i1 increases linearly and i g, i_3g decreases linearly. The net i g
becomes sum of slopes of i,1g, ii2s and iysg. Initially charged capacitor (C,) supplies the

power to the load (R2). An equivalent circuit of model of three-phase IBDDC in boost stage

is as shown in Figure 3.2(a).
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Mode2=Mode4=Mode6=M246: During d2=d4=d6= @— D)TS , diodes Dy, D, and

D3 conduct. i 1g increases linearly and i og, i 3g decreases linearly. The net i g will be sum of

the slopes of i 1g, iL2g and i 3g. Energy stored in the inductors supply the power to the load as

well as charges the capacitorC,. An equivalent circuit of mode2 of three-phase IBDDC in

boost stage is as shown in Figure 3.2(b).
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Figure 3.2 Equivalent circuits of three-phase IBDDC in boost mode with different states

Mode3 : At t:T—sj, gate pulse is applied to the switch Ss i.e During d3= DT, switch

Ss, diodes D; and D3 conduct. ipg increases linearly and ipig, i 3s decreases linearly. The net
iLg becomes sum of slopes of i,1g, i128 and i 3g. Initially charged capacitor (C,) supplies the
power to the load (R2). An equivalent circuit of mode3 of three-phase IBDDC in boost stage

is as shown in Figure 3.2(c).
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Mode5 : At t= 2} , gate pulse is applied to the switch Sg, i.e During d5= DT, ,switch

Se, diodes D; and D, conduct. i 3g increases linearly and i g, iLog decreases linearly. The net
iLs Will be sum of the slopes of i g, iL2g and i sg. Initially charged capacitor (C,) supplies the
power to the load (Rz). An equivalent circuit of mode5 of three-phase IBDDC in boost stage

is as shown in Figure 3.2(d).
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Figure 3.3 Three-phase IBDDC in boost mode operates in CCM with duty ratio D=0.32.
The total current through an inductor i g will be sum of the slopes of i g, iz and i ss
and an average current through an inductor |, of three-phase IBDDC in boost mode is

calculated by the following expression

V, -V, (1-D)
r+ DR,,+ R (1-D)
3

ILB_

(3.1)
R,(1-D)*+

Average value of output voltage of three-phase IBDDC in boost mode is calculated by

the following expression
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V; -V, (1-D)
n+DR,,+R;(1-D)
3

Vo =1gR,(1-D)= R,(1-D) (3.2)

R,(1-D)* +

Input ripple current of three-phase IBDDC in boost mode with duty ratio of D =0.32is
calculated by the following relation

V,|1-3D
AI LB = Ell:ﬁ:l DTS (33)

3.4 Steady State Analysis of Three Phase IBDDC in Buck Mode

The operation of the three-phase IBDDC in buck mode operates in CCM is explained
with the non-ideal equivalent circuits, and the conduction of the switches with different states
is as shown Figure 3.2 . The waveforms corresponding to three phase IBDDC in buck mode
operates in CCM are as shown in Figure 3.5 for duty ratio D’ of 68%.
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Figure 3.4 Equivalent circuits of three-phase IBDDC in buck mode with different states.
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Three-phase IBDDC in buck mode operates in CCM, when the duty ratio D'lies
between 2 and 1 with E, =0,R, =0 andi., =0. It has 6 modes of operation and each of the

mode is explained as follows:

Model=Mode3=Mode5=M135: At t=0, i.e duringd, =d; =d, =D'T_, switches S;, S,
and Sz conduct. i1, i 2 and i increase linearly. The net i. becomes sum of slopes of i1, iL2
and i.3. In this mode, voltage source (E,) supplies the power to the load (R;). An equivalent
circuit of model, mode3, and mode5 of three-phase IBDDC in buck stage is as shown in
Figure 3.4(a).

Mode2: During d; =(1-D')T,, switches Sy and S, diode Ds conduct. i ,and i, increases
linearly and i, decreases linearly. The net i, becomes sum of slopes of i,,,i,, and i ;. An
equivalent circuit of mode2 of three-phase IBDDC in buck stage is as shown in Figure 3.4(b).

Mode4 : During d; =(1-D')T,, switches S;and S, , diode D,conduct. i, and i,
increases linearly and i _,decreases linearly. The net i, becomes sum of slopes of i ,,i,, and
i.;. An equivalent circuit of mode4 of three-phase IBDDC in Buck stage is as shown in
Figure 3.4(c).

Mode6 : During dg =(1-D")T,, switches S,and S, , diode D,conduct. i ,and i,
increases linearly and i, decreases linearly. The net i, becomes sum of slopes of i, ,i,, and
i_5. An equivalent circuit of mode6 of three-phase IBDDC in buck stage is as shown in Figure
3.4(d).

The switching sequence and current through an inductor is shifted by 120° phase shift
angle. The total current through an inductori, will be the sum of the slope ofi ,, i ,andi,.
An average current through an inductor |, of three-phase IBDDC in buck mode is calculated

by the following expression

_V,D'-V,(1-D)
o= R, D' +r+R,(1-D) (3.4)
R+ 3

Average value of output voltage of three-phase IBDDC in buck mode is calculated by

following expression

VoI R - V,D' -V, (1-D’) R (35)
T R, D +r+R, (1-D) '
R + 3
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Figure 3.5 Three-phase IBDDC in buck mode operates in CCM with duty ratio D’ =0.68.

Input ripple current of three-phase IBDDC in buck mode with duty ratio of D' =0.68is

calculated by the following relation

Al =\M(D'—EJTS (3.6)
L, 3

3.5 Design of Three-Phase IBDDC in CCM
Specification of three-phase IBDDC both in boost mode and buck mode operated with
CCM are tabulated in Table 3.1.
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Table 3.1 Specification of three-phase IBDDC in boost mode and buck mode

Parameters Boost mode Buck mode
Supply voltage 48 V +£10% (E,) 70V £10% (E»)
Output voltage 70V (Vo) 48 'V (V1)

Duty ratio for nominal value 32% (D) 68% (D')
Load current 5A (lo2) 6 A (lo1)
Operating frequency (fs) 100 kHz 100 kHz

3.5.1 Design of Three-Phase IBDDC Inductor in Boost Mode
When the three-phase IBDDC in boost mode operates in CCM, inductor is designed

with inductor ripple current for 0< D <% is calculated by the following relation

L=D(1-3D) (3.7)

V, T
Al g

By substituting the specification details of three-phase IBDDC in boost mode has been
tabulated in Table 3.1 with (3.3) and (3.7), the value of an inductor is calculated as L=120

MH. EE ferrite core is selected with 24 turns of SWG14 gauge wire to carry full load current

and its self-inductance value isL, =L, =L, =L =120 xH .

3.5.2 Design of Three-Phase IBDDC Output Capacitor in Boost Mode
Based on the RMS value of capacitor current of three-phase IBDDC in boost mode, the

output capacitor C, can be designed for 0< D <% is calculated by the following relation

D
2 R,fAv,

(3.8)

The value of capacitor of three-phase IBDDC in boost mode is selected asC, =100 uF .

3.5.3 Design of Three-Phase IBDDC Output Capacitor in Buck Mode
Based on the RMS value of capacitor current of three-phase IBDDC in buck mode, the

output capacitor C, can be designed for §< D’ <1 is calculated by the following relation

A
8f.Av,

(3.9)

1
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V,(1-D)N (D'—mj(m*l— D’j
NJ)UN

Lf,D'(1- D)

where Ai, = , here m=floor(ND’)is an integer value,

and N=number of phases.

The value of capacitor of three-phase IBDDC in buck mode is selected asC, =1 uF .

3.6 Dynamic Analysis of Three-Phase IBDDC

Dynamic behaviour of three-phase IBDDC can be examined with the help of finding
analytical expression for derivative state variables (current through an inductor and voltage
across capacitor) during ON and OFF duration in each mode of operation. The number of
state variables in the converter in each mode is equal to the number of energy storage
elements over the switching period. In order to design the proper controller for stable
operation of three-phase IBDDC, small signal control to duty ratio relationship can be derived
with the help of SSA method [17-19]. By taking into account parasitic resistances of filter
components and power switches and also the cut in voltage of the power diode, small signal

open loop control to output transfer function of three-phase IBDDC can be derived.

3.6.1 Three-Phase IBDDC in Boost Mode
In order to understand the characteristic behavior of three-phase IBDDC in boost mode

operation, small signal equations of the converter can be obtained by applying Kirchhoff’s

voltage and current law. In boost mode, current through an inductors (ig,i,,5.i 55) and

voltage across C, (V,,)are treated as state variable (), its derivative parameter and output

voltage equation can be obtained in terms of the converter system parameters by applying
KVL and KCL for non-ideal equivalent circuits.

Small signal analysis of three-phase IBDDC in boost mode can be understood with the
help of state space averaging technique for different states over the one switching period and

is explained as follows:

During the interval of on stated1= DT, of three-phase IBDDC in boost mode as shown

in Figure 3.2(a), derivative of state variable (X) and output voltage equations can be obtained.

_ V]
ILlB Vl R R
. i 71 — ™ Rey
State variable x=| .-28 |, € = and =5 p
L3B ! V72 R2 + RCZ
VC2 _V}/3J
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di g Roi+h. V,

=——1j +-1 (3.10)
T '
. Vv
dILJ:—i Rf2+rz+&]iLZB ‘i[ i ]iLSB ‘i i jvcz"'ﬁ_ﬁ(&ll)
dt L2 RZ + RCZ |_2 R2 + RCZ L2 R2 + RCZ L2 L2
i RRe, ). RRe |- v
dlLi=—i X jILZB _i(Rf3+r3+&le3B L Ljvcz +£—£(3-12)
dt LR, +R, L, R, +R:, LRy +Re; L L

dv,, 1( R, AR )11 213
dt C,\R,+Rs, ) C,\Ry+Rs, )% C,(R,+R., ) & (3.13)

Assuming ri=r,=r3=r, Rn=Rn=R=Rf, and L;=L,=L3=L, above equations can be represented

by matrix form duringd1= DT,

x=AX+Be (3.14)
~L(Ra+7) 0 0 0
0 —%(Rf +r+a) —% - La
here A= Re. is the system matrix,
0 _& ~Z(Ri+r+a) - @
L LR,
0 a a _ a
L CZRCZ CZRCZ CZRZRCZ
1 0 O 0
L
1o 1 9
and B, =| L L Is the input matrix.
1o o 1L
L L
0 0 0 0|

Output voltage during d1=DT, of three-phase IBDDC in boost mode is given by the

following relation

v, =C/ X (3.15)

here C/ =[0 a a 2 } is the output matrix.

C2

Similarly during the interval d2=d4=d6= (%— D]Ts as shown in Figure 3.2(b), derivative

of state variable and output voltage equations are obtained by following relations
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x=AX+B.e = AX+B,e = AX+Bg (3.16)

1 a a a
——(R; +r+ —— —— -
[(Ri+r+a) L L LR,
a 1 a a
—-— ——(R; +r+ —-— -
where 5, — A, A - L (Ri+ra) L LR,
R _ _—d ——(R +r+a) -
L L ‘ LR,
_ a (04 a _ a
L LRcz Cchz Cchz CszRcz_
S _
[
1 1
and - 0 — 0
B,=B,=B,=| L L
19 o -1
L L
0 0 0 0|

Output voltage during d2=d4=d6=(§—D)TS of three-phase IBDDC in boost mode is

given by the following relation
V,=C;x=C,;x=C; X (3.17)

where CZT:CI:CJ:[a a «o Ri}

C2
Similarly during the interval d3=DT,as shown in Figure 3.2(c), derivative of state variable

and output voltage equations are obtained by following relations

X= A3X+ B3el (3.18)
r 1 1 1 ]
—E(Rf+r+a) 0 e - - -—— 00
L L (R, L L
0] 1 R 0 0] l 0 0 O
Here B _E( on +|') and 53 =L
B a 1 a 1 1
_a 0 -2(r - 1 1
; L( f+r+oc) R ; 0 0 ;
@ 0 a __« 0 0 0 0]
L CZRCZ CZRZRCZ_

Output voltage during d3=DT, of three-phase IBDDC in boost mode is given by the
following relation

Vv, =Cj X (3.19)

where C; =la 0 « a1
RCZ
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Similarly during the interval d5=DT,as shown in Figure 3.2(d), derivative of state variable

and output voltage equations are obtained by following relations

x=AX+B.g (3.20)
[ a a ] _ _
——(Rf+r+a) T 0 T 1 1 o o
. a“ L L
L _E(Rf +r+a) 0 LR R
here A = > land B;=| L L
0 0 ~=(Ry +1) 0 % O o0 o
« « 0 - 0 0 0 O]
L Cz Rcz Cz Rcz Csz Rcz i

Output voltage during d5=DT, of three-phase IBDDC in boost mode is given by the
following relation

v, =CJx (3.21)

here ng[a a 0 az]
RCZ

Small signal control to duty ratio relationship of three- phase IBDDC in boost mode
using state space averaging (SSA) method [17-19] can be obtained by the following definition

and its details are provided in Appendix D.

VZES) =CJ [sl - AJl f,+0, X, (3.22)
d©);

whereC; =(C/ +C; +C;)D+C; (1-3D), A, = (A, +A, +A,)D+A,(1-3D),
f,=[A+A+A-3A]X,+[B +B,+B,-3B,]v,, q,=C/+C; +C; -3C;, X,=-A"B)V,
and B, =(B, +B, +B;)D+B,(1-3D)
The solution for the equation (3.22) is given by the following
1 1( 3R« 2
A G|s+ s—=| —=2-(1-D) +2a-r—-R,
v, (S) { Cchz}{ L( Rz ( ) H

_ (3.23)
d(s)

A R 1 a a
2 f _ _
w-0 S +5[L (1 D)+—L(r+Ron)+—L(3 5D)+RZ ZRCZJ+K

—3aR,,(V,-V, +DV,)

and
3R, (1-2D+3D*)+ R, (r +R, (1-D)+a(3-5D)+DR,, )

where G =
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a 1
K = R (305(1_ D)’ +R—2<a(3—5D)+ r+R,(1-D)+DR,, )J

In the transfer function, v,(s),d(s), and v, are the small signal variations of the output
voltage, duty cycle, and input voltage of three-phase IBDDC in boost mode respectively.

By substituting the design parameters in the system matrices, input matrices and output
matrices and then in small signal duty ratio to output voltage transfer function relation (3.23)
results with the three-phase IBDDC boost mode system transfer function (3.24), the
corresponding frequency response (bode plot) and unit step plot are shown in Figure 3.6 and

Figure 3.7 respectively.
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Figure 3.7 Open loop unit step response plot of three-phase IBDDC in boost mode

From Figure 3.7, three-phase IBDDC in boost mode results with the rise time of 107 ps,
peak over shoot of 1.64 V with overshoot of 64.6% at 295 ps, settling time at 2.44 ms and
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steady state value of 1 V. The above system is an under damped and non-minimum phase

system.

3.6.2 Three-Phase IBDDC in Buck Mode
In order to understand the characteristic behavior of three-phase IBDDC in buck mode

operation, small signal equations of the converter can be obtained by applying Kirchhoff’s

voltage and current law. In buck mode, current through an inductors (i, i,.i ;) and voltage

acrossC, (v, ) are treated as state variable(x, ), its derivative parameter and output voltage

equation can be obtained in terms of the converter system parameters by applying KVVL and
KCL for non-ideal equivalent circuits.

Small signal analysis of three-phase IBDDC in buck mode can be understood with the
help of state space averaging technique for different states over the one switching period and
is explained as follows:

During the interval of on stated, =d, =d; =(D'—§jTS of three-phase IBDDC in

buck mode as shown in Figure 3.4(a), derivative of state variable(xl) and output voltage

equations can be obtained.

i, v,
. i Vy4
State variable X, = L2 e = Vv
s 5
Vc1 V76

h—i[&m RR, jiu_g[ RR, )iu_g( RR, ]iu—i[ R ij1+V—2(3.25)
dt Ll R1+Rc1 L1 R1+Rc1 Ll R1+R01 Ll R1+R01 Ll

d'Lz:_i( RR,, ji _i[R pra R |, —i( AR, ji —i( i jV +\/—2(3 26)
¢ L\R+R,)" LU ™ " R+R,)" L\R+R,)" LIR+R,)" L
%:_i[ RR., ji _i[ RRy ji —i[R +r+&ji —i( i jV "'V_2(3 27)
d LIR+R,)" LIR+R™ LU™ " R+RJY LIR+R,)T L

dve, R R R

= i i L 1
dt C,(R+Ryy) Iy + C,(R +Roy) o+ CR+R) I3 (R +R) Ve, (3.28)

s

Above equations can be represented by matrix form duringd, =d, =d; = (D' —%)T

% = AyX +Bye, = ApX +Bige, = AgX +Bge, (3.29)
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U RR) U RR ) 1(RRy ) 1 R
LI " R+Ry LIR+Ry LIR+Ry LIR+Ry
o] o] ) A
where A=A, =Ag= bR e i W)l s system matrix
YRRy YRRy | Y L RRa IR
L R1+RC1 L R1+RC1 L " R1+RC1 L R1+RC1
R R R 1
C(R+R) C(R+R) C(R+R) C(R+R) |
1 _
T 0O 0O
1l 900
and B, =B,;=B,s=|L is the input matrix.
1
L

Output voltage during d, =d, =d; :[D’—ngS of three-phase IBDDC in buck mode is

given by the following relation

v, =Clx (3.30)

where CT =Cl,=CL :{ RiRey RiRcy RiRe, Ry } IS the output matrix.
Ri+Rei Ri+Rep Ri+Rep Ri+Reg

Similarly during the interval of on state d, =(1—D’) T, of three-phase IBDDC in buck

mode as shown in Figure 3.4(b), derivative of state variable and output voltage equations can

be obtained by the following equations

% = AgX +Byoe, (3.31)
YR e BB L RRy _1f RRey 1R
on
L R +Ry L{| R +Ry L{ R +Ry LI R +Ry
_1[ R ] _;[Rfm R ] _E(ﬁj R
where p-| LlRtRe L R +Rq; L|R+R,, L|R+Ry,
_1 RRy YRRy g RRa | LR
on
L{R+Re L{R+Re L Ri+Re )  L{R+Ry
R R R i 1
C(Ri+Rey) Ci(Ri+R:y) C(Ri+Rey) C(Ri+Rey) |
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T O O O
1
and By, = 00 L 0
1
T O O O
00 0 0

Output voltage during d, =(1-D")T, of three-phase IBDDC in buck mode is given by the

following relation

v, =CLx (3.32)

Rl
R, +Rg;

Similarly during the interval of on state d;1 =(1-D")T, of three-phase IBDDC in buck

Rl RCl
R, + R,

Rl RCl
R, +Rg;

here cJ,= [ RR:RS
1 C1

mode as shown in Figure 3.4(c), derivative of state variable and output voltage equations can

be obtained by the following equations

% =A% + B8, (3.33)
e e RRa) LRRe ) 1fRRs | L[ R 1 1

L R R, LR 4R, L\R <R, L\ R +R, .

R Ifp L RRe ) U(RR) 1 R 1 )

Wher‘eAa : L\R +R; L R+Ry L{R +Re, L{R +Rg, and Bb4: E

1[%] 1[RR] _1[Rf+r+ %] _1[ R j 0 1

L R1+RC1 L R1+RC1 L R1+RC1 L R1+R01 L
R R R 0 0 |

Cl(Rl + RCl) Cl(Rl + RC].) Cl(Rl + RCl) Cl(Rl + RCl) i

Output voltage during d'2 =(1-D")T, of three-phase IBDDC in buck mode is given by the
following relation

(3.34)

Vi = CcT4X1
RRe _RiRq R, }
R+Re; Ri+Ryy R+Rg

Similarly during the interval of on state d; = (1— D’)T, of three-phase IBDDC in buck

RiRes

R, +Rg;

where C], =[

mode as shown in Figure 3.4(d), derivative of state variable and output voltage equations can

be obtained by the following equations

% = AyeX; + Byl (3.35)
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A[Rﬁ” %] _1( %] 1[%] _1[ R ] o Lo
L R +Ry, L{R+Ry L{R+Ry L{R+Ry L

_1[ RlRmJ _1[Rm+r+ %] _1[ RlRmJ _1[ R J 10 00
where , | LR+Rq L Ri+Re, L\R+R;, L\R+Re: )| and By =| L

1[%) 1(%] A(RW %j _1[ R ] L9 0o

LR +Ry L{R+Ry L R+R,| L|R+Ry L

R R R 1 0 0 00
C(R +R:) C(R +R) C(R +R:) C(R+Rey) |

Output voltage during dg =(1-D’)T, of three-phase IBDDC in buck mode is given by the
following relation

v, =Clx (3.36)

Where CT6 — RlRCl RlRCl RlRCl Rl :|
’ Ri+Ry Ri+Ry Ri+Ry R+Ry

Small signal control to duty ratio relationship of three- phase IBDDC in buck mode

using SSA method can be obtained by the following definition

AN

wWe) Cl[sl-A, ]_1 f, (3.37)
d'(s)|~

v,=0
where C;, =C;, =C;, =C;, =C;=C;, =C;; Ay = Aal(‘?’D' i 2) (A + A +Ae)1-D),
f, :[3Aou + Ay~ Ay AaG]XZ +[3Bbl +By, —Byy - Bbe]Vz, X, :_A;%Bwvz

and By; =By, (3D' - 2)"‘ (By, + By +Bye)(1-D).
The solution for the equation (3.37) is given by the following

vlzs)‘ Qs+Z

0 ) 3R +1+R, (1-D')+ D’Ron](3'38)

io L R R, (1-D')+ DR, )| s*+sP
o LC(RR)(R 1R (1-D)s °“)[““ C(R+R,)

where Q= RlCchl{SRl(Vl(7+6D')+6Vy (1+D))+V,(r+R, )(7-6D)+V, (1-D')(6r-R, )+ VR, [L+ D)}

Z =RV,[ (3R +1+R, )(7-6D')|+RV, (1-D')(18R, +6r + 7R, ~R; ) and

R(r+Ry+R,)+Ry(r+R, )+ D'(Ri(Ron—Rf)+Rcl(Rf +Ron))
LC, (R +Ry)

By substituting the design parameters in the system matrices, input matrices and output

P=

matrices and then in small signal duty ratio to output voltage transfer function relation (3.38)

82



results in three-phase IBDDC buck mode system transfer function (3.39), the corresponding
frequency response (bode plot) and unit step response plot are shown in Figure 3.8 and Figure

3.9 respectively.
5129.74x10% + 1080x10°

G (9) = (3.39)
. $2+153.37x10%s+15.72x10°
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Figure 3.8 Open loop bode plot of three-phase IBDDC in buck mode
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Figure 3.9 Open loop unit step response plot of three-phase IBDDC in buck mode.

From Figure 3.9, three-phase IBDDC in buck mode results with the rise time of 11.9 ys,
peak over shoot of 1.11 V with overshoot of 11.4% at 25.3 ps, settling time at 42.3 us and

steady state value of 1 V. The above system is a stable system.
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3.7 Design of Compensator/ Controller for Three-Phase IBDDC

3.7.1 Block Diagram of DSP Based Digital Control of Three-Phase IBDDC System

JE!

Ve
"’f[k] €[k] Digital controller/ u[k] DPWM D= Three-phase IBDDC in - >
Compensator Buck/Boost mode
AV [k]
DSP
ADC TMS320F28335
_______ A
Sensor/

Feedback gain[H] N

Figure 3.10 Block diagram of DSP based digital control of three-phase IBDDC system.

Indirect design procedure for design of digital controller has been preferred to
implement the same on DSP ezdsp TMS320F28335 floating point processor.

Type |11 controller [20, 97] is also called as third order integral lead controller. It has a
pole at origin and has two pole-zero pairs. This controller is designed to provide high gain at
low frequency and low gain at high frequency, to achieve the reduced dc error, closed loop
output impedance and to maintain sufficient degree of relative stability. Phase lag introduced
from the actual system can be reduced to desired phase boost over the bandwidth by the type
111 compensator and leads to faster step response. Typical range of phase margin is between
45° and 60° and the gain margin is between 6 dB and 12 dB. Lower value of Phase margin
gives the fastest response and shorter settling time, and more ringing with maximum
overshoot in transient response. By suitably selecting phase margin and phase boost, type I1I

compensator elements can be determined.

3.7.2 Design of Type 111 Error Amplifier for Three-Phase IBDDC in Boost Mode

In order to understand the system behaviour of the three-phase IBDDC in boost mode
against line voltage variations and load transients, the open loop bode plot of small signal
transfer function control to output voltage of the three-phase IBDDC in boost mode is plotted
for different input voltage ranges 35 V, 42 V, 48 V, 55 V and 60 V, and open loop unit step
response plot for the same are shown in Figure 3.11 and Figure 3.12 respectively. Similarly
the open loop bode plot of small signal transfer function control to output voltage of the three-
phase IBDDC in boost mode is also plotted for different load current of 1 A, 2 A, 3 A, 4 A,
and 5 A, and open loop unit step response plot for the same are shown in Figure 3.13 and

Figure 3.14 respectively.
84



[ ]
S ©

B
o

(%]
=]

Magnitude (dB)
n
o

=
o

B Y

Phase (deg)
o
o

N
@
&

; I i i TSR T O I
10° 10’ 10 10
Frequency {(kHz)

180 ; i beveieedeeedeniiin]
10"

Figure 3.11 Open loop bode for various input voltages of three-phase IBDDC in boost mode
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Figure 3.12 Open loop unit step plot of three-phase IBDDC in boost mode for different
values of input voltage.
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Figure 3.13 Open loop bode for different load current of three-phase IBDDC in boost mode.
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Figure 3.14 Open loop unit step plot of three-phase IBDDC in boost mode for different values
of load current.

The three-phase IBDDC in boost mode is not stable for any input voltage of, 35 V, 42
V, 48 V, 55 V and 60 V and also the converter system is not stable even for the output load
current of 2 A, 3 A, 4 A and Full load, but stable for load current of 1 A.

The open loop transfer function of three-phase IBDDC in boost mode uses with its

forward feedback factor (ﬂ:7—10j which is used to convert the output voltage to the

reference voltage (V :1V)corresponding to desired output voltage of 70 V, and then

ref
multiply by the modulator gain(VM = %j in which fixed frequency saw tooth wave magnitude

of 3 V is considered. Open loop transfer function of three-phase IBDDC in boost mode along
with the feedback factor and modulator is obtained (3.40), and its bode plot is shown in
Figure 3.15.

—0.011s? +1431s +55.5x10°

3.40
s? +4634s+112x10° (3.40

Sys2 =

Corresponding to f. of 4 kHz in Figure 3.15, phase shift of —156°and gain of —18.5

dB are measured. Type Il compensator is being selected based on the phase shift introduced
by the three-phase IBDDC in boost mode. Elements of type 111 compensator is calculated with
the help of K factor method in (2.33), (2.34), (2.35), (2.36), (2.37), and (2.38) by assuming
the desired PM of 50°.
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Figure 3.15 Bode plot of three-phase IBDDC in boost mode with feedback and modulator.

After substituting the selected values of resistor and capacitor values in (2.31), the type
Il compensator forward transfer function for three-phase IBDDC in boost mode is obtained
(3.41). Bode plot of type Il compensator for three-phase IBDDC in boost mode (3.41) is

shown in Figure 3.16.

9x10%s2 +3.362x100s +2.969x10*

9.51
Sys3=
y 53 +1.788x10%52 + 7.995x10%5

(3.41)
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Figure 3.16 Bode plot of type Il compensator for three-phase IBDDC in boost mode.

In Figure 3.16, gain of 18.5 dB can be obtained corresponds to f. of 4 kHz at which

controller forces the system to be a stable for any line or load transient occurs. An equivalent
digital controller using bilinear transformation technique in Z-domain corresponding to
sampling time Ts=10 s for (3.41) is given by

3 2
sys3d = 1.7?72 1.5§52 1.749z +1.523 (3.42)
7°—2.203z¢ +1.565z-0.3619

Loop transfer function of three-phase IBDDC in boost mode is obtained in (3.43) which

combines with the system transfer function, feedback factor, modulator gain and
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compensator. Loop bode plot of BDDC in boost mode is shown in Figure 3.17 and
corresponding closed loop unit step response is shown in Figure 3.18 .

—5624s* +6.5x10°s® +3.849x10s? +4.41x10" s +1.44x10%
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Figure 3.17 Loop bode plot of three-phase IBDDC in boost mode

From Figure 3.17, three-phase IBDDC in boost mode results with PM of 50° is
obtained corresponds to loop cross over frequency of f.=3.99 kHz and GM of 16.7 dB is

obtained corresponds to —180° phase at 21 kHz for input voltage of 48 V and load current of
5A.
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Figure 3.18 Closed loop unit step response plot of three-phase IBDDC in boost mode.

From Figure 3.18, three-phase IBDDC in boost mode results with rise time 75.6 ps,
peak over shoot of 1.04 V with 4.49% at 148 ps, settling time of 1.13 ms and steady state
value of 1 V for input voltage of 48 V and load current of 5 A.
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Loop bode plot and closed loop unit step response of three-phase IBDDC in boost
mode for different input voltages of 35 V, 42 V, 48 V, 55 V, and 60 V are shown in Figure
3.19 and Figure 3.20 respectively. Loop bode plot and closed loop unit step response of three-
phase IBDDC in boost mode for different load currents of 1 A, 2 A, 3 A, 4 Aand 5 A are
plotted in Figure 3.21 and Figure 3.22 respectively.

From the loop bode plot as shown in Figure 3.19, GM of 16.8 dB and PM of 49.9°are
obtained for different values of line voltages of 35V, 42 V, 48 V, 55 V, and 60 V.

Similarly from the closed loop unit step response as shown in Figure 3.20, three-phase
IBDDC in boost mode results with rise time 48 us, peak over shoot of 1.09 V with 8.72% at
109 us, settling time of 995 ps and steady state value of 1 V for different values of input
voltages.
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Figure 3.19 Loop bode plot of three-phase IBDDC in boost mode for different values of input
voltage V;.
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Figure 3.20 Closed loop unit step plot of three-phase IBDDC in boost mode for different
values of input voltage.
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Figure 3.21 Loop bode plot of three-phase IBDDC in boost mode for different values of load
current lgp.

From the loop bode plot as shown in Figure 3.21, GM of 16.6 dB and PM of 49.9°are

obtained for 5 A current, and PM of 54.9° is obtained different values of load current of 1 A,
2A,3Aand 4 A.

12
Pedk voltage=1.09 Vfor 5 Aload current I ‘ ‘
ESiS Si:r::mz;lgg%s Settling time=986 ps for 5 A load current
1B et et S P PRt PV PP
F= - i s
(R

I i 1 11 Settling timé=1.08 ms for 1 A |oad current
08t [ PO PRI O PP PSP —
1 (RN :
1 [ERA
i ii Risetime=47 ps N
D6t i R s1_clstep5A -
2 |1 1] (R :
"—é_ i il i ;i i s2_clstep1A
% ! n R : s3_clstep2A
4 il : : RSN : ‘ *
oo : R s4_clstep3A
[ || iil R s5_clstepdA
o R
02 (] (Rl 7
o A
o [
0 LU SRS SR e s L —
non [
(] (R
o : [ERAN
02 T | | | | Lo | | | |
02 04 06 08 Time (setonds) 12 14 1.6 18 2
x 107

Figure 3.22 Closed loop unit step plot of three-phase IBDDC in boost mode for different load
current lgp.

From the closed loop unit step response as shown in Figure 3.22, three-phase IBDDC in
boost mode for load current of 5 A results with rise time 47 us, peak over shoot of 1.09 V
with overshoot of 9.2% at 108 ps, settling time of 986 ps for 5 A, settling time of 1.06 ms for
1 A with steady state value of 1 V.

GM and PM are within safe limits corresponding to cross over frequency and then the
type Il compensator stabilises the three-phase IBDDC in boost mode for different input

voltages and load transients.
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3.7.3 Design of Type 111 Error Amplifier for Three-Phase IBDDC in Buck mode

In order to understand the system behaviour of the three-phase IBDDC in buck mode
against line voltage variations and load transients, the open loop bode plot of small signal
transfer function control to output voltage of the three-phase IBDDC in buck mode is plotted
for different input voltage ranges 60 V, 65 V, 70 V, 75 V and 80 V, and open loop unit step
response plot for the same are shown in Figure 3.23 and Figure 3.24 respectively. Similarly
the open loop bode plot of small signal transfer function control to output voltage of the three-
phase IBDDC in buck mode is also plotted for different load current of 1.25 A, 2.5 A, 4 A, 5
A, and 6 A, and open loop unit step response plot for the same are shown in Figure 3.25 and

Figure 3.26 respectively.
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Figure 3.23 Open loop bode of different values of input voltage V; for three-phase IBDDC in
buck mode.
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Figure 3.24 Open loop unit step plot of three-phase IBDDC in buck mode for different input
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Figure 3.25 Open loop bode of three-phase IBDDC in buck mode for different load currents.
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Figure 3.26 Open loop unit step plot of three-phase IBDDC in buck mode for different load
currents.

Initially, the three-phase IBDDC in buck mode is stable for any input voltage of 60 V,
65V, 70 V, 75 V and 80 V, and also the converter system is stable even for the output load
currentof 1.25A,25A,4A,5A, and 6 A.

The open loop transfer function of BDDC in buck mode uses with its forward feedback
factor [ﬁl :4i8j which is used to convert the output voltage to the reference voltage
(Vreflzlv)corresponding to desired output voltage of 48 V, and then multiply by the
modulator gain[vMl =%j in which fixed frequency saw tooth wave magnitude of 3 V is

considered. Open loop transfer function of three-phase IBDDC in buck mode along with the
feedback factor and modulator is obtained(3.44). Bode plot of open loop three-phase IBDDC
in buck mode with feedback and modulator is shown in Figure 3.27.
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SYyS6 =
Y30 = 2115335105 + 15.7 < 10°

Corresponding to f. of 25 kHz in Figure 3.27, phase shift of —73.34°and gain of

-8.84 dBare measured. Type Il compensator is being selected based on the phase shift
introduced by the three-phase IBDDC in buck mode. Elements of type Il compensator is
calculated with the help of K factor method in (2.33),(2.34),(2.35),(2.36),(2.37), and (2.38)

by assuming the desired PM of 55°.
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Figure 3.27 Bode plot of three-phase IBDDC in buck mode with feedback and modulator.

After substituting the selected values of resistor and capacitor values in (2.31), the type
Il compensator forward transfer function for three-phase IBDDC in buck mode is obtained .
Bode plot of type 11l compensator for three-phase IBDDC in buck mode is shown in Figure
3.28

3— 0.519%10%s2 +3.362x10'9s +2.969x10"3

SVS
y 53 +1.788x10%52 + 7.995x10%5

(3.45)
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Figure 3.28 Bode plot of type 111 compensator for three-phase IBDDC in buck mode.
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In Figure 3.28, gain of 8.84 dB can be obtained corresponds to f. of 25 kHz at which

controller forces the system to be a stable for any line or load transient occurs. An equivalent
digital controller using bilinear transformation technique in Z-domain corresponding to
sampling time T¢=10 s for (3.45) is given by

2.3572% +1.022% -1.1472+0.1896
2% -0.9001z2 -0.09741z —0.002495

Loop transfer function of three-phase IBDDC in buck mode is obtained in (3.47) which

sys3d = (3.46)

combines with the system transfer function, feedback factor, modulator gain and
compensator. Loop bode plot of IBDDC in buck mode is shown in Figure 3.29 and

corresponding closed loop unit step response is shown in Figure 3.30.

3.0826x10"s® +1.33x10%s? +1.823x10%'s +8.046 x10%

sysd = 3.47
y $° +5.95x10°s* +1.324x10" s® +1.44x10'°s? +7.147 x10%°s (3.47)
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Figure 3.29 Loop bode plot of three-phase IBDDC in buck mode.
From Figure 3.29, three-phase IBDDC in buck mode results with PM of 55° is obtained

corresponds to loop cross over frequency of f.=25kHzand GM of o« dB is obtained

corresponds to —180° phase for input voltage of 70 V and load current of 6 A.

From Figure 3.30, three-phase IBDDC in buck mode results with rise time 9.6 ps, peak
over shoot of 1.06 V with 5.71% at 18.3 ps, settling time of 48.1 us and steady state value of
1V for input voltage of 48V and load current of 5 A.
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Figure 3.30 Closed loop unit step response plot of three-phase IBDDC in buck mode.

Loop bode plot and closed loop unit step response of three-phase IBDDC in buck mode
for different input voltages of 60 V, 65 V, 70 V, 75V, and 80 V are shown in Figure 3.31 and
Figure 3.32 respectively. Loop bode plot and closed loop unit step response of three-phase
IBDDC in buck mode for different load currents of 1.25 A, 25 A, 4 A, 5 A and 6 A are
plotted in Figure 3.33 and Figure 3.34 respectively.
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Figure 3.31 Loop bode plot of three-phase IBDDC in buck mode for different input voltages.

From the loop bode plot as shown in Figure 3.31, GM of « dB and PM of 55°are
obtained for different values of line voltages of 60 V, 65V, 70 V, 75 V, and 80 V.
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Figure 3.32 Closed loop unit step plot of three-phase IBDDC in buck mode for different
input voltages.

Similarly from the closed loop unit step response as shown in Figure 3.32, three-phase
IBDDC in buck mode results with rise time 9.62 s, peak voltage of 1.06 V with overshoot of
5.71% at 18.3 ps, settling time of 42.3 us and steady state value of 1 V for different values of

input voltages.
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Figure 3.33 Loop bode plot of three-phase IBDDC in buck mode for different values of load
currents.

From the loop bode plot as shown in Figure 3.33, GM of « dB and PM of 55.4°are
obtained for 6 A current, and PM of 45.2° for 1.25 A is obtained.

From the closed loop unit step response as shown in Figure 3.34, IBDDC in buck mode
for load current of 1.25 A results with rise time 11 us, peak voltage of 1.07 V with overshoot
of 6.74% at 23.3 ps, and settling time of 229 ps. Similarly, IBDDC in buck mode for load
current of 6 A results with rise time 4.27 us, peak voltage of 1.05 V with overshoot of 5.12%
at 9.35 ps, and settling time of 192 ps.
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Figure 3.34 Closed loop unit step plot of three-phase IBDDC in buck mode for different load
currents.

GM and PM are within safe limits corresponding to cross over frequency and then the
type Il compensator stabilises the three-phase IBDDC in buck mode for different input
voltages and load transients.

The performance analysis of type 3 error amplifier for three-phase IBDDC is tabulated
in Table 2.1.

Table 3.2 Performance of type 3 error amplifier on three-phase IBDDC.

Boost mode Buck mode
Three-phase IBDDC t i i t
r Overshoot s r Overshoot s
ws) | | ms) | @) | P
Line voltage change 48 8.72 0.995 | 9.62 571 423
Load current Change 47 92 106 427 427 359

From the above table, whenever the line voltage (minimum to maximum input voltage)
and load current (minimum to maximum load) change occurs, type-3 error amplifier for three-
phase IBDDC in both boost mode and buck mode will provide precise output by minimizing

the rise time, overshoot voltage and settling time.
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3.8 Fuzzy Logic Controller for Three-Phase IBDDC
The block diagram of Fuzzy Logic Controller (FLC) for three-phase IBDDC is as
shown in Figure 3.35 . FLC takes the error (e) as the one of the input and change in error (ce)
as the other input which are given by
e=V; -V, (3.48)
ce=e —€ (3.49)
where V, is the feedback voltage, V,, is the reference voltage corresponds to output
voltage and e, ande, _, are the error at k™ and (k-1)" sample.
The change in duty cycle (6d, ) is the output of FLC and the duty cycled, is given by
d =1, ,+od, (3.50)
Where |, is the linear integrator output of the errore, . The linear integrator is used to

obtain zero steady state error.

g

Three-phase IBDDC in Vo
Boost/Buck Mode o
e[k]
PW M + |-
I[k] =
d[k] + | + *;-[]: Z Sarpplipg
] Circuit

FLC (elc] || Qi S — |
e[k-1]

Figure 3.35 Block diagram of FLC for three-phase IBDDC

3 s I N s R
&d [ k] - [™ J +
ref

I
Z

There are 9 subsets are in FLC for three-phase IBDDC in boost mode: N4, N3, N2, N1,
Z, P1, P2, P3 and P4 and there were 7 subsets are in FLC for three-phase IBDDC in buck
mode: N3, N2, N1, Z, P1, P2 and P3. Where N represents negative, Z indicates zero and P

represent positive. The relation between the fuzzy inputs (e andce, ) and corresponding
membership degree variables(u, [e, ]and,[ce, ])are as shown in Figure 3.36 and Figure

3.37 respectively.
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Figure 3.36 Membership function of e, and ce, for three-phase IBDDC in boost mode
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Figure 3.37 Membership function of e, and ce, for three-phase IBDDC in buck mode

9*9 rule base is designed and implemented for three-phase IBDDC in boost mode. 7*7
rule base is designed and implemented for three-phase IBDDC in buck mode.

Rule base FLC of three-phase IBDDC in boost and in buck mode are tabulated in Table
3.3 and Table 3.4 respectively. The result of inference mechanism consists of weighting factor

(w;)of the individual rule and degree of change of duty cycle(c;). The corresponding

weighting factor is obtained by Mamdani’s min fuzzy implication and is given by the

following relation

W, = min(:ue [ek],uce [Cek]) (3.51)
Inferred output of each rule is given by the following relation
Z =W XC, :min{ye & |, ttce [cek]}xci (3.52)

Lis the change of duty cycle inferred by i" rule.
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Table 3.3 Rule base table of FLC for three-phase IBDDC in boost mode

Change in error(ce)

N4 |N3 [N2 [N1 |z |PL |P2 |P3 |P4
P4 |z |NL |N2 |N3 |N4 |N4 |[N4 |N4 | N4
P8 |PL |Z |NL |N2 |N3 [N4 [N4 [N3 |N4
P2 |P2 |PL |Z |NL |N2 |[N3 |[N2 |N4 |N4
PL |P3 |P2 |PL |z |NL |NL |[N2 |N3 |N4

Error(e) 12 lpa |p3 P2 |P1 |z | NI | N2 | N3 | N4
NI |P4 [P3 |P2 |PL |PL |z |NL |[N2 |N3
N2 |Pa |Pa |P2 |P2 |P2 |P1 |z N1 [N2
N3 |P4 |P3 |P3 |P3 |P2 |P2 |PL |z |N1
N4 |P4 |P4 |P4 |Pa |P3 |P2 |P2 |PL |Z

Table 3.4 Rule base table of FLC for three-phase IBDDC in buck mode

Change in error(ce)

N3 |N2 |N1 |z |PLl |P2|P3
P3 |Z |N1|N2 N3 |N3|N3|N3
P2 |P1 |Z |NI1 [N2|N3|N2|N3
PL |P2 |P1 |Z |N1|N1|N3|N3

Emor®) 12 Ips P2 [P1 |z | N1 N2 |N3
N1 |P3 |P3 |P1 [P1 |Z |NI1|N2
N2 |P3 |P2 |P3 [P2 |P1|Z |NI1
N3 [P3 |P3 |P3 [P3 |P2 |Pl |Z
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Centre of average method is being preferred to defuzzify the result to obtain the crisp
value of change of duty cycle. When triangle shaped member function is being used, at most 4
rules must be considered at any time for the best performance.

The change of duty cycle is given by the following relation
. X C:

M
Z; Z I 1
=1 (3.53)
C

z
s

S

z:éd[k]:

Ci

e

=R

where M represents the maximum number of effective rules.

3.9 Simulation and Experimental Results of IBDDC
Non ideal three-phase IBDDC circuit has been used in the simulation and it has been
carried out in MATLAB/SIMULINK software. SimPowerSystem circuit model of three-phase

IBDDC in boost mode and buck mode circuit is as shown in Figure 3.38.

3.9.1 Simulation of Three-Phase IBDDC
To assess the feasibility of the type Il compensator control strategy and FLC,
simulations are performed with the specifications as tabulated in Table 3.5 of three-phase
IBDDC circuit.
Table 3.5 Specification and design parameters of three-phase IBDDC

Parameters Boost mode Buck mode
Supply voltage 48 V £10% (E;) 70V £10% (Ey)
Output voltage 70V (V,) 48 V (V1)
Load current 5A (l2) 6 A (lor)
Operating frequency 100 kHz (f5) 100 kHz (f5)
Duty ratio for nominal values 0.32 0.68
Inductors (L1=L2=L3) 120 uH 120 uH
Internal resistance of inductor 10.5 mQ 10.5 mQ
Output capacitor 100 pF 1 uF
Internal resistance of capacitor 0.18 Q 4.7 Q
On state resistance of MOSFETSs 55 mQ 55 mQ
Forward resistance of diodes 17.1 mQ 17.1 mQ
Cut-in voltage of diodes 0.7V 0.7V

101



3.9.1.1 Simulation Results and Discussions

In order to understand the behavior of three-phase IBDDC, simulation circuit shown in
Figure 3.38 is carried out for 50 ms duration, three-phase IBDDC operates as boost DC-DC
converter from 0 to 25 ms. Similarly three-phase IBDDC operates as buck DC-DC converter
from 25 ms to 50 ms. Average boost inductor current (I_g) is considered as reference current,
which is in the same direction as the initial orientation of (I g) from 0 to 50 ms, average buck
inductor current (1.) flows opposite to the initial orientation of (I.g) from 25 ms to 50 ms.

During boost mode, switches S4, Ss and Sg, and diodes D;, D, and D3 will conduct.
During buck mode, switches S;, S, and Ss, and diodes D4, Ds and Dg will conduct. Three-
phase IBDDC in boost mode carries an average inductor current I g of 8.26 A which results in
ripple current of 0.1 A. Three-phase IBDDC in buck mode carries an average inductor current
IL of 6 A which results in ripple current of 0.1 A as shown in Figure 3.39.

Dynamic response of three-phase IBDDC in boost mode against line voltage (V1)
variations and load current (loz) variations using type 3 compensator and FLC are shown in
Figure 3.40 and Figure 3.41 respectively.

In Figure 3.40, when the three-phase IBDDC operates in boost mode with constant load
current o, of 5A, it results with negative slope because of RHP zero. When the three-phase
IBDDC operates in boost mode against the input voltage V; varied from 48 V to 44V, 44 V
to 50 V, the desired boost output voltage V, has been reached to steady state voltage of 70 V
within 1 ms using FLC, which results less overshoot voltage and reduced oscillations, but
using type 3 compensator, the output voltage V, will reach to steady state output voltage of 70
V within 3 ms, which results more overshoot voltage compared to FLC.

In Figure 3.41, when the three-phase BDDC operates in boost mode against the load
current 1o, varied from 1 A to 3 A, 3 A to 5 A with constant input voltage V; of 48 V, the
desired boost output voltage V, has been reached to steady state voltage of 70 V within 200
us using FLC, which results less overshoot voltage and reduced oscillations, but using type 3
compensator, the output voltage V, will reach to steady state output voltage of 70 V within
200 ps, which results more overshoot voltage compared to FLC.

Dynamic response of three-phase IBDDC in buck mode against line voltage (V>)
variations and load current (l,;) variations using type 3 compensator and FLC are shown in
Figure 3.42 and Figure 3.43 respectively.

In Figure 3.42, when the three-phase IBDDC operates in buck mode with constant load
current lo; of 6 A, against the input voltage V, varied from 70 V to 65 V, 65 V to 68 V, 68 V
to 72 V, the desired buck output voltage V1 has been reached to steady state value of 48 V
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within 20 ps using FLC, which results less overshoot voltage and reduced oscillations, but
using type 3 compensator, the output voltage V; will reach to steady state output voltage of 70
V within 50 us, which results more overshoot voltage compared to FLC.

In Figure 3.43, when the three-phase IBDDC operates in buck mode against the load
current lo; varied from 3 Ato 5 A, 5 A to 6 A with constant input voltage V, of 70 V, the
desired buck output voltage Vi has been reached to steady state output voltage of 48 V within
20 ps using FLC, which results less overshoot voltage and reduced oscillations, but using type
3 compensator, the output voltage V1 will reach to steady state output voltage of 48 V within

40 ps, which results more overshoot voltage and more oscillations compared to FLC.

3.10 Experimental Setup of IBDDC

Three-phase IBDDC has 3 set of boost/buck converter modules. LA25 current
transducers are used for measurement of individual inductor currents (both in boost mode and
buck mode), total input, and output load current of three-phase IBDDC. LEM voltage

transducers are used to sense the input/output voltage of three-phase IBDDC.

3.10.1 Implementation of Digital Controller

For three-phase IBDDC in boost mode, gate pulses are generated by the
TMS320F28335 ezdsp by comparing control voltage in counts with the up-down counter
(sawtooth voltage) and shifted up-down counter (sawtooth) waveform. The compare value is
510. Time base period (TBPRD) register is loaded with a value of 750, then time base phase
(TBPHS) value corresponding to the slave 2 is loaded with 500 to obtain 120° phase shift and
TBPHS value corresponding to the slave 3 is loaded with 500 counts to obtain 240° phase
shift. For three-phase IBDDC in buck mode, gate pulses are generated by the TMS320F28335
ezdsp by comparing control voltage with the up down counter (sawtooth voltage) and shifted
down counter (sawtooth) waveform. The compare value is 240. TBPRD register is loaded
with a value of 750, TBPHS value corresponding to the slave 2 is loaded with 500 to obtain
120° phase shift and TBPHS value corresponding to the slave 3 is loaded with 500 counts to
obtain 240° phase shift. Using direct form-I structure, type 11l digital compensator is being
implemented with the help of TMS320F28335 ezdsp to control the dynamic response of the

three-phase IBDDC either in boost mode or buck mode.

3.10.2 Development of the Fuzzy Logic Controller on DSP
All the input variables of FLC are quantified and stored in individual memory. For each
fuzzy set, the degree of membership is generated and stored in individual memory. The rule
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base is stored in a dedicated memory block. The method of development consists of 3 steps.
Firstly, the FLC is designed and then tuned using MATLAB with the help of Simulink and
the fuzzy logic toolbox. The FLC is saved as a respective MATLAB file. Secondly, memory
blocks are prepared using FLC. For each of the sub set, input variables are quantified and
obtain the degree of membership. The rule base is coded such a way that the index of
membership function leads to the corresponding rule base. At the final step, a binary file is
created out of the stored MATLAB-file. The binary file then can be downloaded to the DSP.

3.10.3 Experimental Results and Discussions

Steady state inductor current waveforms of three-phase IBDDC in boost mode and buck
mode are shown in Figure 3.44 and Figure 3.45 respectively. Dynamic load change transient
waveforms of three-phase IBDDC in boost mode and buck mode; using type Il error
amplifier and FLC are shown in Figure 3.46, Figure 3.48 and Figure 3.47, Figure 3.49
respectively.

Figure 3.44 shows steady state inductor current (Ch4) for three-phase IBDDC in boost
mode at 5 A, inductor current in phase 1 (Chl), inductor current in phase 2 (Ch2) and
inductor current in phase 3 (Ch3) while supplying 350 W with input voltage of 48 V.

Figure 3.45 shows steady state inductor current (Ch4) for three-phase IBDDC in buck
mode at 6 A, inductor current in phase 1 (Chl), inductor current in phase 2 (Ch2) and

inductor current in phase 3 (Ch3) while supplying 288 W with input voltage of 70 V.

Dynamic performances of three-phase IBDDC in boost mode against load current Iy
varied from 1 A to 5 A with constant input voltage V; of 48 V using type Il error amplifier is
as shown in Figure 3.46. In Figure 3.46, the performance of three-phase IBDDC in boost
mode with the sudden step change in load current Iy, (Ch4) varied from 2 A to 4 A and load
current ly; (Ch4) varied from 3 A to 5 A are shown in Figure 3.46(a) and Figure 3.46(b)
respectively, with constant input voltage V; (Chl) of 48 V, type Il error amplifier provides
steady state output voltage V, (Ch3) of 70 V within 100 ms.
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Figure 3.38 Simulation circuit of three-phase IBDDC.
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Figure 3.40 Simulation results of three-phase IBDDC in boost mode against input voltage V; variation

(a) Load current. (b) Output voltage against input voltage. (¢) Inductor current against input voltage. (d) Input voltage variation.
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Figure 3.41 Simulation results of three-phase IBDDC in boost mode against load current variation.

(a) Input voltage (b) Inductor current against load current. (c) Output voltage against load current. (d) Load current variation
108



Load current
12(A)
2 ”
!’
|

.3
12 x 10
. 10 —
c
[
£E 8 N
gg 6 3.1
£= : P x 10 x10° ‘Lo x10°
_E 4 ........ Type3erroremp|iﬁer ....... , ................................ , ............................. —
- 2l Fuzzy logic controller ... . T SO S SO e e —
o | | | | | i |
0 05 1 15 (b) 2 25 3 35 4
.3
x 10
60 ! ! T ! ! I !
s 5
‘g 40 .............................. ..................
2s :
5'; :
o : :
= 200 T : ) ; *
S i : i : ; ; : : ; : : -
Type3erroramplifier o oa™ 65" 104 106 108 14 2 " 205 21 3 ~ 305 31
Fuzzy logic controller ; : 3 : : P : %
0 ! L l x 10 | | x10~ | | x10

Input voltage

Time(s) x10°

Figure 3.42 Simulation results of three-phase IBDDC in buck mode against input voltage variation.

(a) Load current. (b) Inductor current against input voltage. (c) Output voltage against input voltage. (d) Input voltage variation.
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Figure 3.43 Simulation results of three-phase IBDDC in buck mode against load current variation.

(a) Input voltage. (b) Inductor current against load current. (¢) Output voltage against load current. (d) Load current variation.
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Figure 3.44 Steady state inductor current waveforms of three-phase IBDDC in boost mode.
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Figure 3.45 Steady state inductor current waveforms of three-phase IBDDC in buck mode.

(Ch1- I, ch2- 1 ,, Ch3- | ;, Ch4- total inductor current || )
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Figure 3.46 Experimental results of three-phase IBDDC in boost mode using type I1I EA for

different values of load current Iy,
(a) Load current varied from 2 A to 4 A. (b) Load current varied from 3 Ato 5 A.

(Ch1- input voltage V1=48 V, Ch3- output voltage V,, Ch4- load current I,y)

Dynamic performances of three-phase IBDDC in boost mode against load current Iy

varied from 2 A to 5 A with constant input voltage V; of 48 V using FLC is as shown in

Figure 3.47.
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Figure 3.47 Experimental results of three-phase IBDDC in boost mode using FLC for

different values of load current I,
(a) Load current varied from 2 A to 4 A. (b) Load current varied from 3 Ato 5 A.

(Ch1- input voltage V1=48 V, Ch3- output voltage V», Ch4- load current I,y)
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In Figure 3.47, the performance of three-phase IBDDC in boost when the sudden step
change in load current I, (Ch4) varied from 2 A to 4 A and load current I, (Ch4) varied from
3 Ato 5 A are shown in Figure 3.47(a) and Figure 3.47(b) respectively, with constant input
voltage V; (Chl) of 48 V, FLC provides steady state output voltage V, (Ch3) of 70 V within
25 ms.

Practical waveforms of three-phase IBDDC in boost mode against load current Iy,
varied from 2 A to 5 A with constant input voltage V; of 48 V to meet the desired output
voltage V, of 70 V using type 3 error amplifier and FLC are closely matching with the
simulated result.

Dynamic performances of three-phase IBDDC in buck mode against load current lo;
varied from 1 A to 5 A with constant input voltage V; of 70 V using type 3 error amplifier are

shown in Figure 3.48.
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Figure 3.48 Experimental results of three-phase IBDDC in buck mode using type Il EA for
different values of load current Iy,

(a) Load current varied from 1.5 A to 3.5 A. (b) Load current varied from 3 A to 6 A.

(Ch1- input voltage V,, Ch2- inductor current I, Ch3- output voltage V1, Ch4- load current)

In Figure 3.48, the performance of three-phase IBDDC in buck mode when the sudden
step change in load current l,; (Ch4) varied from 1.5 A to 3.5 A and load current 1o; (Ch4)
varied from 3 A to 5 A are shown in Figure 3.48(a) and Figure 3.48(b) respectively , with
constant input voltage V1 (Chl) of 70 V, type 1l error amplifier provides steady state output
voltage V, (Ch3) of 48 V within 100 ps.
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Dynamic performances of three-phase IBDDC in buck mode against load current oy
varied from 1 A to 7 A with constant input voltage V, of 70 V using FLC is as shown in
Figure 3.49.

In Figure 3.49, the performance of three-phase IBDDC in buck mode when the sudden
step change in load current lo; (Ch4) varied from 1 A to 4 A and load current lo; (Ch4) varied
from 2.5 A to 5 A are shown in Figure 3.49(a) and Figure 3.49(b) respectively , with constant
input voltage V, (Chl) of 70 V, FLC provides steady state output voltage V; (Ch3) of 48 V

within 50 ps.
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Figure 3.49 Experimental results of three-phase IBDDC in buck mode using FLC for different
values of load current lo;

(a) Load current varied from 1.5 A to 3.5 A. (b) Load current varied from 3 A to 6 A.

(Ch1- input voltage V5, Ch2- inductor current I, Ch3- output voltage Vi, Ch4- load current)

Practical waveforms of three-phase IBDDC in buck mode against load current 1y, varied
from 1.5 A to 6 A with constant input voltage V, of 70 V, the desired output voltage V; of 48
V is obtained using type Il compensator and FLC, and they are closely matching with the

simulated result.

3.11 Conclusion
A comprehensive analysis, design, dynamic analysis using state space averaging
technique of three-phase interleaved bidirectional dc-dc converter has been carried out.

Design of type 3 error amplifier controller and design of fuzzy logic controller for three-phase
114



IBDDC has been carried out, and performances of type 3 error amplifier on three-phase
IBDDC are also carried out.
From the analysis, design optimisation, modelling and design of controller for three-
phase interleaved bidirectional dc-dc converter, the following conclusions are drawn
Q) With the help of type 111 error amplifier for both boost mode and buck mode of
three-phase IBDDC, phase margin of 60° and gain margin of 11.1 dB are
obtained corresponds to cross over frequency.
(i) Type I error amplifier make the three-phase IBDDC as stable against the line
voltage or load current change occurs.
From the simulation and experimentation of three-phase IBDDC, the following
conclusions are drawn
Q) Design and implementation of three-phase IBDDC with hard switching is tested in
both boost mode and buck mode using type Il error amplifier and FLC against
load current changes.
(i)  Experimental results indicate FLC with rule base provide the less oscillation

during steady state and better transient response during load transients.
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CHAPTER 4: CONCLUSIONS AND FUTURE SCOPE

4.1 Conclusions

A comprehensive analysis, design, dynamic analysis using state space averaging
technique of conventional bidirectional dc-dc converter and three-phase IBDDC has been
carried out. Design of type 3 error amplifier controller for BDDC in boost mode and design of
PID controller for BDDC in buck mode has been carried out, and performance of type 3 error
amplifier for boost mode and PID controller for buck mode of conventional BDDC are also
carried out.

Design of type 3 error amplifier, design of FLC for three-phase IBDDC in both boost
and buck mode has been carried out, and performance of type 3 error amplifier and FLC for
three-phase IBDDC are also carried out.

From the analysis, design optimisation, modelling, design of controller, simulation and
experimentation on both conventional BDDC and three-phase IBDDC, the following

conclusions are drawn

e Analytical expression for steady state, and small signal model of both BDDC and
three-phase IBDDC using state space averaging technique have been derived to
illustrate the behaviour of converter.

e The closed loop stability analysis of the conventional BDDC and three-phase IBDDC
have been extensively studied, results show that significant improvement in transient
dynamic responses using voltage mode controller.

e In order to achieve bidirectional operation, only common inductor is enough to
operate BDDC in both boost and buck mode.

e In order to achieve bidirectional operation, only common inductor is enough to
operate BDDC in both boost and buck mode.

e Optimum selection of inductor in CCM gives the best dynamic performance of the
converter for input voltage and output load current variation.

e Optimal design of converter elements are selected for effective utilization of the
conventional BDDC and three-phase IBDDC operates either in boost mode or in buck
mode.

e Based on duty ratio of the system specification, optimal selection of number of phases
in interleaved operation is chosen to minimize ripple inductor current and output

voltage ripple.
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e Design and implementation of 350 W BDDC is being tested in both boost mode using
type 3 compensator for boost mode and PID controller for buck mode against load
current changes.

e Experimental results indicate type III error amplifier for boost mode and PID
controller for buck mode provide the less oscillation during steady state and faster
transient response during load transients.

e Optimistic selection of snubber circuit minimizes the parasitic impedance effect at 100
kHz operation of conventional BDDC and three-phase IBDDC.

e Design and implementation of 350 W three-phase IBDDC is also tested in both boost
mode and buck mode using type III error amplifier and FLC against load current
changes.

e Experimental results indicate FLC with rule base provide the less oscillation during
steady state and faster transient response during load transients.

e Simulation results are validated with experimental results.

e Three-phase IBDDC with minimum number of switching devices can be successfully
operate to minimize ripple in input current and output voltage. Three-phase IBDDC
can be used in aircraft power supply, renewable source fed converter, and the system

with high power applications.

4.2 Future Scope

Following directions are identified for future research works in this area are;

1. Further investigation of different control techniques is required to improve the
performance of the BDDC and IBDDC.

2. Further improvement can be made for the BDDC by designing the PID controller
using genetic optimization techniques and prototype of BDDC can be developed
using DSP/ FPGA.

3. Equal sharing current and phase shifting in IBDDC can be achieved by sensing
current in all the phases of IBDDC, it can be developed and implemented on
DSP/FPGA.

4. Unified digital and artificial intelligent controller can be developed to achieve fast
dynamic response instead of individual controller for improved response.

5. Silicon carbide MOSFETs can be used as switching device in high power

applications in future research.
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6. Coupled inductor bidirectional dc-dc converter topology with artificial intelligence

techniques is also suggested to develop prototype of IBDDC to avoid use of
individual inductors.

7. Direct design procedure can be preferred over the indirect design procedure for
design of digital controller.
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APPENDIX-A

Design of Inductor
Inductor for conventional BDDC can be designed with the following steps [101]
Stepl: Inductor value
First step is to find the value of common inductor in the conventional BDDC is
L=120uH .
Step2: Area product
The Energy to be handled by inductor core is calculated by

E:%u; (A1)

Ai g

where | =1,+ =10.582Ais the maximum value of inductor current. Then energy

stored in inductor is calculated as E =6.718x10° joules

Area product for the inductor core is given by

2E

AEAA S KB, “2

where K, =0.6, K_ =1(for square wave input), J =3A/mm?, and B, =0.2T for ferrite
core. The area product becomes A, =37326mm*
Now choose the core from Appendix-I [101] which has A, greater than the calculated

value, P42/29 is being selected and which has A, = 264mm?and A, =181mm?

Step3: Number of turns
The number of turns can be calculated by the following equation
N = Lln (A3)
AB,

Substituting the values for the variable in the above, we have N = 24Turns

Step4: Wire gauge
The wire gauge of the conductor can be calculated by the following

I
a=-& A4
] (A4)

Substituting the values for the variable in the above, we have a=3.2mm?.
Select the wire gauge from the appendix-11 [101] which has the wire cross section more
than the calculated value a = 3.243mm’

Step5: Cross check
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The inequality A K, >aN has to be checked,
108.6 > 77.76
Step6: Air gap length

The length of the air gap can be calculated by the following equation

| = AN’
oL

where g, =47x10"H/m

Substituting the values for the variable in the above, we have |, =1.59mm.
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APPENDIX-B

Design of Compensation Network Elements [20]

Elements of compensation network for the BDDC in boost mode can be calculated by

following steps

1.

Generate open loop bode plot of small signal transfer function control to output
voltage of the BDDC in boost mode along with the feedback factor and PWM gain
(1.6).

Select a cross over frequency (fc) of non-minimum phase system (BDDC in boost
mode) below RHP zero frequency of (1.7) i.e f. =2 kHz,

Select the desired phase margin (PM ) between 45° and 60° for stable operation of
the BDDC in boost mode i.e PM, =60°.

Corresponding to stepl, measure the gain corresponding to the selected cross over
frequency, and determine error amplifier gain (G) which will be simply negative of

measured gain indB i.e. G =23.5 dB.

Corresponding to stepl, measure phase shift (PS;) corresponding to the selected

cross over frequency i.e. PS; =-178° , and determine the required phase boost which
is calculated by the following relation

Phaseboost = PM, — PS, —90° = 60° — (—178°) —90° =148°

Type 3 error amplifier has been selected because the desired phase boost is less than180°.

6.

Select the value of R1 as high as possible. R1 reduces the value compensation
capacitors i.e. R1=10 kQ.
Resistors and compensation capacitors value of the type 3 error amplifier can be

calculated using K factor by the following relation

2
K = {tan KW) + 450}} ~50.16,

1

C2=———="532 pF,
27 f.GRL

Cl=C2(K-1)=26 nF
JK

= =22 kQ
27 Cl1
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R1

R3= —-200 Q
(K-1)
c3=— Y _sgnF
27t JKR3
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APPENDIX-C

Table C.1 Major components used for prototype of conventional BDDC

Components

Conventional BDCC

MOSFET switches S,

IRFP450 (2)
and 8,
Diodes D) and D, MBRF2010CT(2) MURI1560(2)
Ferrite Core P42/29
Processor ezdspTMS320F28335
Driver ICs TLP250 (2)

Voltage sensors

LEMLV100(2) LEM AV100(2)

Inductor wire gauge

SWG14

Filter Capacitors

C,=4uF/63V C»=200uF/200V

Load Rheostats

100Q/50W (10)

Current sensors

LEM LA25 (2)

Snubber circuit Elements

15Q/10W (4) 356€/10W (4)

10nF/100V(4)  1nF/63V (4)

Table C.2 Major components used for prototype of three-phase IBDDC

Components

Three-phase IBDCC

MOSFET switches

IRFP450 (6)
Diodes MBRF2010CT (6) MURI13560 (6)
Ferrite Core P42/29 (3)
Processor ezdspTMS320F28335
Driver ICs TLP250 (6)
Voltage sensors

LEMLV100(2) LEM AV100(2)

Inductor wire gauge

SWG14

Filter Capacitors

C, =1uF/63V

C,=100pF/200V

Load Rheostats

100Q/50W (10)

Current sensors

LEM LA25 (8)

Snubber circuit Elements

15Q/10W (6)
10nF/100V(6)

56Q/10W (6)
10F/63V (6)
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C.1 Overview of the eZdspTMF28335 [102]

The eZdspTMF28335 is a stand-alone card--allowing developers to evaluate
theTMS320F28335 digital signal controller (DSC) to determine if it meets their application
requirements. Furthermore, the module is an excellent platform to develop and run software
for the TMS320F28335 processor. The eZdspTMF28335 is shipped with a TMS320F28335
DSC. The eZdspTMF28335allows full speed verification of F28335 code. Several expansion
connectors are provided for any necessary evaluation circuitry not provided on the as shipped
configuration. To simplify code development and shorten debugging time, a C2000 Code
Composer Studio TM driver is provided. In addition, an onboard JTAG connector provides

interface to emulators, with assembly language and ‘C’ high level language debug.

L
)

i

i

Figure C.1 eZdspTMS320F28335 Hardware
(source ti.com)

C.2 Key Features of the eZdspTMF28335
C.2.1 Hardware Features
The eZdspTMF28335 has the following features:

« TMS320F28335 Digital Signal Controller

* 150 Mhz. operating speed

* On chip 32-bit floating point unit

* 68K bytes on-chip RAM

* 512K bytes on-chip Flash memory

* 256K bytes off-chip SRAM memory

* On chip 12 bit Analog to Digital (A/D) converter with 16 input channels
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* 30 MHz. input clock

* On board RS-232 connector with line driver

* On board CAN 2.0 interface with line driver and connector
* Multiple Expansion Connectors (analog, I/O)

* On board embedded USB JTAG Controller

* 5-volt only operation with supplied AC adapter

* On board IEEE 1149.1 JTAG emulation connector

C.2.2 Software Features

* TT F28xx Code Composer Studio TM Integrated Development Environment,Version 3.3
* Texas Instruments’ Flash APIs to support the F28335

* Texas Instruments’ F28335 header files and example software

C.3 Functional Overview of the eZdspTMF28335

Figure C.2 shows a block diagram of the basic configuration for the eZdspTMF28335.The

major interfaces of the eZdsp are the JTAG interface, and expansion interface.

[ A |
N
A
L
o]
G
30 Mhz. » XTAL1/OSCIN
5 | ANALOG TO ;
g UsB LN DIGITAL .
A
P @ PORT/JTAG JTAG CONVERTER A
° CONTROLLER| >~ 7 s
! Q
N
W r TMS320F28335 —
EXTERNAL e
JTAG XZCSTn |¢—p(! 2K X 1
CAN-A K CANA !
Q
CAN-B K CANB ]
PN x
RS-232 SCIA P
N M
scl-8 sCIB s
Q
N

Figure C.2 Block diagram of the basic configuration for the eZdspTMF28335
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APPENDIX-D

Dynamic and output equation of three-phase IBDDC in boost mode with duty ratio
0<d<1/3

Referring to the Figure 3.2, using SSA method [20] small signal control to the duty ration can
be obtained by the following during 0<d<1/3

During dTs=d1=d3=d5 and during (%-dst =d2=d4=d6,

A2=A4=A6
A=(Al+A3+A5)d + A2(1-3d)
B2=B4=B6
B =(B1+ B3+ B5)d + B2(1-3d)

x = Ax+By, and v, =C'x

Steady state equations can be obtained by the following

X = AX + BV,

Under steady state, output parameters become constant and its derivatives are treated as zero,
and given by the following

0=AX +BY,

X =—A"BY,

Steady state output is given by the following

V,=C"X

V,=-C"A™'BV,

Small signal model equations can be obtained by the following

X =[(AL+ A3+ AB)d + A2(1-3d)| x + [(B1+ B3+ BS)d + B2(1-3d) v,
v, =Cx

Small signal perturbances are given by the following

N N
A A A

d=D+d,£<<1, v, =V, +v, ﬁ<<1, X=X+X, V, =V, +V,
D A

X+X= (A1+A3+A5)(D+d)+A2(1-3D—3d)}(x+x)+{(Bl+ B3+ B5)(D+d)+B2(1-3D-3d) |(V, +V,)
By separating steady state and small signal quantities from the above, steady state
component can be obtained as below
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X = [(A1+ A3+ A5)D + A2(1-3D)] X +[(B1+ B3+ B5) D+ B2(1-3D) ]V,
0=[(AL+A3+A5)D + A2(1-3D)] X +[(BL+ B3+ B5) D+ B2(1-3D)]V,
X =-A"BY,

Small signal component can be obtained as below

A

= [(A1+A3+A5)D +A2(1-3D)])A(+ [[(B1+B3+B5)D+ BZ(l—3D)]]\;l+{[A1+ A3+ A5-3A2] X +[BL+ B3+B5-3B2)V, |d

Above can be simplified as

x=Ax+Bv+ fd,where f=[Al+A3+A5-3A2]X +[Bl+B3+B5-3B2]V,
And its small signal output can be obtained as

v, =C'x

v, +\/A2 —CTX+CT X

By separating steady state and small signal quantities from the above, steady state component
can be obtained as below

V,=C"X

Small signal component can be obtained as below

N

v, =CT x
Small signal control to the duty ration can be obtained by the following
L) _cTs - A" f +oX

d(s)|;

Where A= (Al+A3+A5)D + A2(1-3D), B=(BL+B3+B5)D +B2(1-3D),CT =(C[, + C3, + C{;)D +C; (L-3D)

and q=C +Cj, +C}, -3C,,
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APPENDIX-E
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Figure E.1 Photograph of hardware setup of BDDC and three-phase IBDDC
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