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ABSTRACT 

Adjustable speed drives are essential for energy savings in industries. The availability 
of modern permanent magnets (PM) with considerable energy density led to the 
development of dc machines with PM field excitation in 1950s.Traditionally DC motors 
have been used for the adjustable speed drives. Now-a-days vector controlled ac drives 

are replacing the do drives because ac motors are more robust and need minimum 
maintenance due to absence of commutators and brushes. Among the ac motors 

permanent magnet synchronous motors (PMSM) are superior to squirrel cage induction 
motors for servo applications as it has fast response, higher torque to inertia ratio, higher 

power, density and higher efficiency. Further, the permanent magnet ac motors do not 

need magnetizing current from stator side. The magnets on rotor are of high resistivity 

materials thus losses in the rotor are negligible. 

In the PWM inverter fed PMSM control structure, the rotor position and speed are 

sensed. The actual rotor speed is subtracted from a reference speed and speed error is 
processed in speed controller to obtain a reference torque. The torque command is 

divided with the PMSM torque constant to obtain torque component (q-axis component) 

of the reference current. The field component (d-axis component) of the reference current 

is kept zero as the PMSM surface mounted type in which demagnetization is avoided. 

Using torque and field components of the reference current and rotor position angle, the 

park's transformation is applied to transform dq-axis references currents to abc-axis 

reference currents. The actual three phase stator currents are subtracted from the abc-axis 

references currents and the currents errors are passed through fed to sinusoidal pulse 

width modulated (SPWM) current controller, which provides controlled switching signals 

to.the inverter switches. The controlled switching of the inverter feeds regulated current 
to the .PMSM. 

Mathematical models of the PMSM and vector control of the drive is developed. The 

models are used for. associate controller designs and simulation of the drive. The PMSM 

speed controller is investigated with PI, Fuzzy, Hybrid and FPPI speed controllers. And 

the drive performance is compared with these speed controllers. The SPWM technique is 

implemented with I-8438 embedded controller. 
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Sensorless vector _control of the drive is also simulated; in this control simple open loop 

flux estimator is used. Speed and rotor position are estimated with two voltages and 

current signals. 

To summarize, a vector controlled PMSM drive is simulated with different speed 

controllers. And the performance of the drive is compared with different speed 
controllers (PI, Fuzzy, Hybrid and FPPI). Sensorless vector control of the drive is also 
simulated. 
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Chapter 1 
Introduction 

1.1. General 

• Motion control with 'electrical drives is always a challenge for researchers and 
technologists. Nowadays, motion control system has become a vast area to be recognized 
as a distinct field. Adjustable speed drives are preferred over fixed speed motor because 

of several reasons, energy saving, velocity or position control and for good transient 
response etc. The contribution made by power electronics engineers is increasing day-by-
day in the area of precise motion control technology with electrical actuators such as 

dc/ac servomotors. 
In earlier days, one of the most suitable motors for servo applications was separately 

excited dc motor. The commutators and brushes in the dc motors imposed limitations on 

high-speed applications and required frequent maintenance. The sparking on commutator 

prohibited use of the do motors in mines and other inflammable zones. Due to these 

drawbacks, the dc motors are being replaced by ac motors in most of the modern drives. 

Successive advancements in motor design, control techniques and power electronics, 

has led to efficient modern drives. The main contribution to modem motor drives is 

implementation of digital controllers using microprocessors, Digital Signal Processors 

(DSPs), Field Programmable Gate Arrays (FPGAs) and Programmable Logic Controllers 

(PLCs) etc. along with high frequency switching devices like Bipolar Junction 

Transistors (BJTs), Insulated-gate bipolar transistors (IGBTs) and Metal Oxide 

Semiconductor Field Effect Transistors (MOSFETs) etc. Modern day servo drive motors 

include cage induction motor, trapezoidal input current permanent magnet motor, 

sinusoidal input current permanent magnet motor and switched reluctance motor. 

The availability of modern permanent magnets (PM) with considerable energy density 

led to the development of dc machines with PM field excitation in 1950s. Introduction of 

PM to replace electromagnets, which have windings and require an external electric 

energy source, resulted in compact dc machines. The - synchronous machine, with its 

conventional field excitation in the rotor, is replaced by the PM excitation; the slip rings 

and the brush assembly are dispensed with. The armature of the do machine need not be 
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on the rotor if the mechanical commutator is replaced by its electronic version. Therefore, 

the armature of the machine can be on the stator, enabling better cooling and allowing 
higher voltages to be achieved: significant clearance space is available for insulation in. 

the stator. The excitation field that used to be on the stator is transferred to the rotor with 
the PM poles. These machines are nothing but `an inside out dc machines' with the field 

and armature interchanged from the stator to rotor and rotor to stator, respectively. 

In the ac drives either an ac motor or a switched reluctance motor is used. The 
switched reluctance motor produces large torque ripples; hence, for getting smooth torque 

and speed characteristics either an induction motor or a permanent magnet motor is 

preferred. Fig.1.1 shows the classification of electric.motors. 

Electric 
Motors 

AC 	 DC 
Motors 	 Motors 

Asynchronous 	 Synchronous 
Motors 	 Motors 

Induction 	Permanent I I Wound field 

Motors 	Magnet 	Motors 
Motors 

///N\  

Brushless DC I 	Permanent Magnet 
Motors 	Synchronous 

Motors 

Hysteresis 	Stepper 
Motors 	Motors" 

Reluctance 
Motors 

Fig. 1.1 Classification of electric motors 
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1.2.Advantages of Permanent Magnet (PM) Motors: 
For the same power rating, the permanent magnet motor possesses some distinct 

advantages over the squirrel-cage induction motor. 
The rare earth and neodymium boron Permanent Magnet (PM) have lower inertia when 

compared with induction motors because of the absence of a rotor cage, these results in 
faster response for a given electric torque. In other words, the torque to inertia ratio of 
these PM machines is higher [11]. 

The PM motors have higher efficiency than induction motors [2]. This is primarily due 
to negligible rotor losses in permanent magnet machines; the rotor losses in the IM, 
however, can be considerable, depending on the operating slip. This discussion is 

applicable to constant flux operation. 

The Induction motors need a source for excitation. The PM motors already have the 

excitation in the form of the rotor magnet. 
For the same output capacity Induction motors have lower efficiency and require 

larger rated rectifiers and inverters- due to excitation when compared to permanent 

magnet motors. 

The PM motor.is smaller in size than an induction motor of the same capacity. Hence, 

it is advantageous, to use PM motors, especially where space is a serious limitation. In 

addition, the permanent magnet motor has less weight [5]. In other words, the power 

density of permanent magnet motors is higher. 

The rotor losses in a PM motor are negligible when compared with induction motor 

rotor losses. A problem that has been encountered in the machine tools industry is the 

transferal of these rotor losses in the form of heat to the machine tools and work pieces, 

thus affecting the machining operation. This problem is avoided in permanent magnet 

machines. 

1.3. Types of permanent magnet motors: 
Permanent Magnet motors (PM) can be classified into two types 

1. Permanent Magnet Brushless DC Motors (PMBLDCM) 

2. Permanent Magnet-Synchronous Motors (PMSM) 
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1.3.1. PMBLDCM: - The characteristic features of the brushless D.C. motors are 
(1) rectangular distribution of flux in the air gap 
(2) rectangular current waveforms 
(3) Concentrated stator windings. 

1.3.2. PMSM: - The characteristic features of the permanent magnet synchronous 
motors are 

(1) Sinusoidal distribution of magnetic flux in the air gap 
(2) Sinusoidal current waveforms 

(3) Short-pitched and distributed or concentric stator windings. 

Fig. 1.2 Basic excitation waveforms for (a) sinusoidal and (b) trapezoidal PMAC motors. 

Fig. 1.2 provides a direct comparison of idealized current excitation waveforms for 

typical three-phase sinusoidal and trapezoidal PMAC motors. Despite their obvious 

differences in wave shape some important similarities also apparent. For example, this 

excitation waveforms form balanced three-phase sets for both PMAC classes, with 120 

electrical degree separations between successive phases [3]. 

1.4 Differences between the PMSM and PMBLDCM 
The PMSM has a sinusoidal back emf, whereas the PMBLDCM has a trapezoidal back 

emf. Both have a permanent magnet rotor, but the difference is in the winding 

arrangement of the stator and shaping of the magnets. Sinusoidal stator currents are 

needed to produce a steady torque in the PMSM, whereas rectangular-shaped currents are 

needed to produce a steady torque in the PMBLDCM. It is this difference that has 
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numerous ramifications both in the behavior of the motor drive and in the structure of the 
control algorithms and circuitry [2]. 

The PMSM provides less torque ripples, higher speed range, more accurate speed and 
position control because of continuous rotor position feedback. On the other hand, the 

PMBLDCM has higher torque per unit current if both are operating on constant operation 
mode. The PMSM drives are proving more suitable for high performance adjustable 
speed ac drives applications: In the machine tool industry the transfer of heat due to rotor 
losses to the machine tools and-work pieces, affects the machining operation. 

Due to negligible rotor losses compared to other servo drives like; do motor and 
induction motor drives, there is wide scope of the PMSM in machining applications. 

1.5 Operation of PMSM 
The PMSM replaces field coil, dc power supply and slip rings of synchronous machine 

with a permanent magnet. The PMSM requires sinusoidal current to produce constant 

torque like a synchronous motor. 

Fig1.3 Three-Phase Synchronous Motor with One Permanent Magnet Pair Pole Rotor 

The interaction between the rotating stator flux and the rotor flux produces a torque 

which will cause the motor to rotate [5]. The rotation of the rotor in this case will be at 

the same exact frequency as the applied excitation to the rotor. 
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1.6. Classification of PMSM : 
The PMSM is classified based on its rotor design in two categories. 

(1) an exterior permanent magnet type (EPM) PMSM 
(2) an interior permanent magnet type (IPM) PMSM 

In EPM type of PMSM the permanent magnets are fitted on the surface of rotor . 
periphery of the motor. This construction of PMSM is also known as Surface PMSM. 

In IPM type of PMSM the permanent magnets are embedded inside the rotor. 
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Fig. 1.4 Surface PMSM 
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Fig. 1.5 Surface inset PMSM 

Fig. 1.4 shows the magnets mounted on the surface of the outer periphery of rotor 

laminations. This arrangement provides the highest air, gap flux density, but it has the 

drawback of lower structural integrity and mechanical robustness. Machines with this 

arrangement of 'magnets are known as surface mount PMSM s or EPM s. they are not 

preferred for high-speed applications, generally- greater than 3,000 rpm. There is very 

little (less than 10%) variation between the quadrature- and direct-axis inductances in this 

machine. The particular fact has consequences for the control, operation and 

characteristics of the surface-mount PMSM drives [24] 

Fig.1.5 shows the magnets placed in the grooves of the outer periphery of the rotor 

laminations, providing a uniform cylindrical surface of the rotor. In the addition, this 

arrangement is much more robust mechanically as compared to surface-mount machines. 
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The ration between the quadrature- and direct- axis inductances can be high as 2 to 2.5 in 
this machine. This construction is known as inset PM synchronous machine [5]. 

Fig.1.6 Interior PMSM 	Fig.1.7 Interior PMSM with circumferential 
Orientation 

Fig.1.6, 1.7 shows the placement of magnets in the middle of the rotor laminations in 

radial and circumferential orientations, respectively. This construction is mechanically 

robust and therefore suited for high-speed applications. The manufacturing of this 

arrangement is more complex than for the surface mount or inset-magnet rotors. Note that 

the ratio between the quadrature- and direct-axis inductances can be higher than that of 

the inset-magnet rotor but generally does not exceed, three in value. This type of machine 

construction is generally referred to as interior PMSM. 

1.7 Literature review: 

In reference [2], the very basic fundamentals of the PMSM are described. The author 
has given the idea of construction of PMSM, the various magnetic materials used for 

permanent magnet rotor, types of permanent magnet motors and the characteristics of the 

permanent magnet synchronous motor with the help of vector diagram. In reference [24] 

the author has. given the clear picture of applications, advantage and limitations of 

different configurations of PM Brushless machines. 

There are two types of permanent magnet motors, PMSM and BDCM. The PMSM and 

BDCM have many similarities; they both have permanent magnets on the rotor and 



require alternating stator currents to produce constant torque. The difference between two 

machines is that the PMSM and 'BDCM have sinusoidal and trapezoidal back emf's. 
Reference [11] describes the application characteristics of PMSM and BDCM; it also 
describes how permanent magnet motors are better than induction-  motors. 

Reference [12] gives detailed representation of buried permanent magnet synchronous 
motors at steady state is presented. An equivalent circuit is proposed that accounts for 
saliency of the machine and for the particular influence of iron core losses on the 
machine operations. No-load as well as loaded conditions are analyzed and 
experimentally tested in . order to describe the influence of the armature current on the 

rotor flux distribution. 
The application of vector control of PMSM and complete modeling, simulation and 

analysis of the drive system are described in [7]. State space models of the motor and 

speed-controller and real-time models of the inverter switches are described. 
. The basic concept of vector control and application of this control to the PMSM is 

thoroughly explained in references [1, 3, 4] and [5]. 
Motion° control techniques have been developed to exploit the high efficiency and 

'extremely fast dynamic response capabilities of PMAC machines. Control techniques are 

reviewed separately for the two major classes of PMAC machines referred in [14]. 

Trapezoidal PMAC machine drives are distinguished by their controls simplicity and 

minimal sensor requirements, sinusoidal PMAC machine drives offers opportunities for 

extremely smooth torque production and extended high-speed operating ranges. 

Advanced PMAC machine control topics are described. 

N. Senthil kumar and K. Saravanan [23], presented speed control of PMSM drive 

using VSI. Vector control has been used for high servo applications and this paper 

describes the complete scheme of PMSM drive. 
F.M. Abdul—kader and S.M. Osheba [8] analyses the dynamic performance of PMSM. 

using damping and synchronizing torques. The results illustrates the significant 

improvement in transient performance can be achieved, over a wide range of voltages and 

frequencies, when some parameters are properly chosen. 

Rashid [6] explained the basic concepts of SPWM and the advantages of this 

technique. The analysis of PMSM shows that the increase of electromagnetic torque is 
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proportional to the increase of the angle between the stator and rotor angle flux linkages 

and there fore fast torque response can be obtained by increasing the rotating speed of the 

stator flux linkages as fast as possible. 
In references [9, 10] the author explained the basic fundamentals of fuzzy logic, he also 

explained different dufuzzifications methods. In references [15] the authors explained 
how fuzzy logic can be implemented in speed controller and in the references [18, 21] the 
authors explained various speed control techniques like Hybrid controller and FPPI 

controller. 
Vas Peter [1] explained the basic concepts and operation of the PMSM and he also 

discussed about the vector control and various methods of speed and rotor angle 
estimation techniques. In reference [17], Tomonobu Senjyu explained the open loop 

position and speed estimation technique. ' In reference [20] the authors explained-  the 

elimination of drift in the estimated flux. 

In the references [19, 13] the authors had given the idea about estimation of speed and 

rotor position over a wide range of speed. 
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Chapter 2 
Mathematical modeling of PMSM 

2.1 Assumptions 
The assumptions made for modeling of the PMSM are as follows: 

1. The three phase stator windings of• the PMSM are balanced and produce 

sinusoidally distributed Magneto Motive Force (MMF) in the space. 
2. The permanent magnets on the rotor produce sinusoidally distributed magnetic 

flux in the air-gap space. 

3. The magnetic material is highly resistive hence; current dynamics in the rotor are 

neglected. 
4. Saturation and iron losses in the machine are neglected. 

5. The three-phase •sinusoidal currents flowing into the motor are also assumed 

ripple free (fundamental currents are assumed to simplify the motor model). 

2.2 PMSM model 

The stator of the PMSM is same as the stator of a synchronous motor and its rotor 

consists of multi-pole permanent magnets on its surface. The PMSM rotors are 

interior permanent magnet (IPM) type and projection permanent magnet (PPM) type. 

The IPM rotor possesses saliency and it provides sufficient demagnetization range as 

to allow operation of the motor in 'field weakening region also. In contrary, the 

projection type PM motor is not able to operate in field-weakening range because its 

demagnetization capability is very small. In the present model of the PMSM, 

projection type permanent magnet rotor is considered. The relative permeability of 

the permanent magnet is approximately equal to that, of air. Insetting a permanent 

magnet on the rotor is same as introducing an air-gap equivalent to the width of the 

magnet. The permanent magnet on the rotor is' shaped such that its flux in the air gap 

is almost sinusoidal. Hence, for the PPM type motor the air gap is assumed uniform 

throughout the rotor periphery. 
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2.2.1 Stator Reference Model of the PMSM (in M.K.S. Units) : 

d-axis 
.. :. c=axis .:..:: 

C 

q-axis 

a-axis 
,a A ~g 

Staforreforencaxis 

b-axis 	 ttS ' Tk 

a 

Fig.2.1 Schematic of two pole PMSM 

Figure 2.1 shows a schematic diagram of the projection type PMSM. The stator 
phase windings are sinusoidally distributed and suitably fractional-pitched as to 
obtain sinusoidal air-gap flux. Small circles on the stator periphery show the stator 
winding conductors. To simplify the drive model, the stationary frame reference-axis 
and phase-'a' axis are chosen as coinciding to each other [7]. 

Three-phase stator reference frame voltage equations of the PMSM are written as 
[22] 

[vbCj=[J;]±[ibCS ] 	 (2.1) 

	

Where 	
T  T 

	

here 	[17.bJ_[V., Vbs Vcs ] ; [ abcs ] = [ Zas Zbs Zcs I 
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Rate of change of flux linkages to stator windings .Zabcs is the static as well as dynamic 

induced EMFs in the windings: The dot over the vector denotes its first order 

differentiation. The flux linkages in stator phase windings are given as 

['t.b,,  ] = [ Labcs ] ['abcs ] + [ t.bcsf ' 	 (2.2) 

Where, 2abc,f is the -magnetic flux linkage vector to stator windings due to permanent 

magnets on the rotor, as seen from stationary reference axis. Differentiating equation 

(2.2) and substituting into equation (2.1), the voltage equation is written as, 

1p~,bc, I = [' I [l.b. 1+ [ Labcs ] [ labcs ] + [ abcsf ] 	 (2.3) 

 sin0 
Where, [L3  ] — [ las 1bs ics ]; [,] 

 
]=A,  sin (0— 27t / 3) 

sin (0+ 2,r/3) 

rs 0 01 	rLaas Labs Lacs 

[rs,] = 0 rs 0 ; and [Lobes] = Lbas Lbbs Lbcs 

0 0 rs 	 Lcas Lobs Lccs 

Since, the three phase windings are balanced, the mutual inductances of the phase 

windings are equal. The magnitudes of the mutual inductances are equal to half the 

magnitudes of self-inductances with differential flux linkage. Hence, 

Labs = Lbas = Lacs = Leas = LCbs = Lbcs = — LS / 2; 
Substituting above values of inductances in the inductance matrix Labs the new 

inductance matrix is, 

Ls —L5 /2 —L5 /2 

[Labcs ] = —Ls l 2 	Ls 	—Ls / 2 

—L5 /2 —L5 /2 Ls 
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The dynamically induced voltages in the phase windings i.e., aabcsf  is obtained by 

differentiating 2abc  as 

cos 0 

[dab ]= rv2sf  cos(9-2,r/3) 
cos(8+2 r/3) 

Where, 2Sf  is the flux linkage produced by the permanent magnet of the rotor as viewed 

from the stator windings and w is speed of the rotor flux. 

2.2.2 Rotor Reference Model of the PMSM (in M.K.S. Units) 
Using the Park's transformation, three-phase voltages and currents of the stator 

windings of the motor are transformed to the rotor reference frame as [22] 

LVgd0 	Ks [V bcs ] 	 (2.4.1) 

[ lgdO] = Ks [tabcs] 	 (2.4.2) 

The voltages and currents of the rotor reference frame are transformed to the stator 

reference frame using the inverse Park's transformation as 

[vabcs] = Ks 1  [PgdO] 	 (2.5.1 )  

[Zabc.,]=K;'[lgd0] 	 (2.5.2) 

cos0 cos(0-2,,r/3) cos(0+21/3) 
Where, Ks  = 3 sing sin (0-2nr/3) sin (0+2,r/3) 

1/2 	1/2 	1/2 

cos 0 	sin g 	1 
And 

	

	K5-1  = cos(9-2ir/3) sin (0-2r/3) 1 
cos(0+21r/3) sin(0+2,r/3) 1 

The waveforms of the voltages, currents and flux linkages depend on the reference frame 

chosen, but the waveform of power is always the same for any reference frame. The 

transformation from one reference frame to other is always power invariant. Equating 
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instantaneous power in the stator reference frame to instantaneous power in the, rotor 

reference frame, using equations (2.4.1 & 2.4.2) we obtain, 

V 	V i +V i = (V i +V i) asi as + bs bs 	cs cs 	qs qs 	ds ds 
	 (2.6) 

The constant factor 3/2 yields from the Park's transformation chosen. Using the Park's 
transformation, the three-phase voltages and currents are transferred to the rotor reference 
frame i.e., to d-q-0 axis. The stator reference frame parameters like stator resistances and 
stator inductances are also transformed to the rotor reference frame. The transformation 

of voltage equation (2.1) from the stator reference frame to the rotor reference frame is 
given as 

[VgdO ] = Ks [Ys ]K;1 [ IgdO ]+Ks a 
f
Ks-1 rXgd0]} 
	

(2.7) 

Where, 2gdo is the rotor magnetic flux referred on the rotor reference-axis. Transferring 

the parameters of equation (2.2) to the rotor reference frame it is written as 

	

['t,dll = Ks [ Labcs ] Ks [ Igd0 ] + Aabcsf 
	 (2.8) 

Substituting the values of Ks , K5', Labcs and ~ ] and  simplifying equation (2.8), we 

get 

[ gdOs] —[LgdO][Iqdo ]+ [ /.f ] 	 (2.9) 

0 	 Lq 0 0 
Where, [~ f 1= 2sf ; [Ldgo 1= 0 Ld 0 and Lq = Ld = Ls for projection permanent 

0 	0 0 0. 

magnet type rotor. Substituting equation (2.9) into equation (2.7), we obtain, 

[1gdO]—k][1d0]+[Lgd0][Zqdo ] +KSKs-' J[LqdOI [Zgd0]+[Tf]1 

+KSdt[Ks 1 ]{[LgdO][lqdo ]+[~,f ]} 	(2.10) 

—sing 	cos 0 	0 
Where, 	[K5 11=w — sin (0— 2,r / 3) cos (0-2,r/3) 0 

—sin(e+2r/3) cos(B+2;r/3) 0 
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• Simplifying equation (2.10), we get 

Vq rs 0 0 iq Lq 
Vd = 0 rs 0 Id + 0 
Vo 	0 0 r, io 	0 

0 	0 iq 0 	Ld 	0 iq Alf 
Ld 	0 id + w —Lq 	0 	0 id + ro 0 (2.11) 

0 	0 io 0 	0 	0 is 0 

Since, the motor operates with a three-phase balanced power supply hence, no neutral 

current-flows i.e. i0=0 and Vo=O gives the q and d-axis voltages as 

V9 = r, q + Lgiq + COLdid + CO/~ 
	

(2.12) 

Vd = rsld + Ldld — CULglq 	 (2.13) 

Where, q-axis flux linkage is (Lgiq ) and d-axis flux linkage is (Ldid + ~.Sf ) . Hence, 

electromagnetic of the motor is given as 

T _ ElectricPowerOutput — (3/2) [(wLdid + w2sf ) iq — wLgiqid I 

MechanicalSpeed 	 ry (2 / P) 	
(2.14

) 

Where, -P is the no. of poles. To avoid demagnetization of permanent magnet of the rotor, 

the d-axis current component is kept zero by the vector control action of the drive. Hence, 

keeping id=0 in the equations (2.12), (2.13) and (2.14), these are written as 

V9 =rsi9 +Lgiq +CD/%sf 

Vd = —a Lgiq 

T  = 4
A j liq = K,iq 

J 

Where, K, is the torque constant of the PMSM. 

The motor load torque dynamic equation is written as, 

TQ =T + BWm +J,,, d to. 
dt 

(2.15) 

(2.16) 

(2.17) 

(2.18) 

Where,. T , aa, J,,, and B are load torque, mechanical speed of the rotor, moment of 

inertia and damping friction respectively. 
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Chapter 3 
Vector Control of PMSM 

3.1. General structure of drive system: 
The general structure of a `motion control system' or `drive' is shown in below 

fig.3.1 

Fowe' - 
CoittrUt 	 electron

i
cs 	 Motor 	 Load  

Ft P IGT PM a.c. 

Gate array 
Power 

dartingtons Switched 
reluctance 

MOSFETs B~ushless d.c.. 
SCRs 

Induction 
F ybrids 

Fig.3.1 Structure of an adjustable speed drive system 

The system is integrated from four distinct elements: 

1. The load; 

2. The motor; 

3. The power electronic converter/inverter; and 

4. The control. 

3.2 VECTOR CONTROL OF PMSM: 

3.2.1 Introduction: 

Separately-excited do drives are simpler in control because they independently control 

flux, which, when maintained constant, contributes to an independent control of torque. 

This is .made possible with separate control of field and armature currents which, in turn, 

control the field flux and torque independently. Moreover, the dc motor control requires 
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only the control of the field or armature current magnitudes, providing a simplicity which 
is -not possible with ac machine control. In ac machines because of the stator current 

magnitudes, frequencies and phases the control is very complex. As with the do drives, 
independent control of the flux and torque is possible in ac drives. The stator current 

phasor can be resolved, say, along the rotor flux linkages, and the component along the 
rotor flux linkages is the field-producing  current, but this requires the position of the rotor 
flux linkages at every instant; this is dynamic unlike. If this is available, then the control 
of the ac machine is very similar to that of separately-excited dc machines. 

The requirement of phase, frequency and magnitude control of the currents and 

hence of the flux phasor is made possible by inverter control. The control is achieved in 

field coordinates (hence the name of the control strategy, field oriented control); 
sometimes it. is known as vector control, because it relates to the phasor control of the 
rotor flux linkages [5]. 

Vector control method has the following advantages: 

1. Vector control -made the ac drives equivalent to dc drives in the independent 

control of flux and torque. 

2. With this control we can obtain good dynamic performance. 

3.2.2 Vector control: 

The stator equations of the induction machine in the 'rotor reference frames -using 

flux linkages are taken to derive the model of the PMSM. The rotor frame of reference is 

chosen because the position of the rotor magnets determines, independently of the stator 

voltages and currents, the instantaneous induced emfs and subsequently the stator 

currents and torque of the machine. 

The electromagnetic torque (eqn. 2.14) of the machine is given by 

Te — '2 2 ~~dslgs — ~gstds 	
(3.1) 

Superscript `r' represents the rotor reference model. 
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(3.6) 

(3.7) 

(3.8) 

The permanent magnet-excitation is modeled as a constant current source 1 fr. The rotor 

flux is along the d-axis, so the d-axis rotor current 1 fr. The q-axis current in the rotor is• 

zero, because there is no flux along this axis in the rotor, by assumption. 

Then the flux linkages are written as 
rr 

11gs = L9Zgs 

r  A! = Ldi r . + Lmi f. 

Where, Lm is the mutual inductance between the stator winding and the permanent 

magnet. 

Substituting equations 3.2, 3.3 in 3.1, we get the following equation 

Te = 
22 

I.Z.f igs + (Ld — Lq )gsi } 

Where the rotor flux linkages that link the stator are 

2af = Lm Z fr 

Considering the currents as inputs, the three phase currents are 

ç =i.,sin(cort+FJ) 

ibs = i., sin(a,t+S-21r/3) 

ins = is sin(a rt+8+2x/3) 

Where, 

a is the electrical rotor speed, 

S is the angle between the rotor field and stator current phasor (torque angle). 

The rotor field is traveling at a speed of w,. rad./sec. hence; the q- and d- axis stator 

currents in the rotor reference frame for a balanced three phase operation are given by, 

i 

[

iqr,]  — 2[Cos COrt COS (COrt — 27r13) COS (w 	asrt + 2,r / 3) 
id 	3 sincot sin(wrt-27c/3) sin(cort+27x13 

i
) bs 	(3.9) 

i~ 

Substituting the equations 3.6, 3.7, 3.8 in 3.9 gives the stator currents in the rotor 

reference frames: 

(3.2) 

(3.3) 
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iqs 	sin S 
= i 	 (3.10) 

i 	cos S 

The q and d axes currents are constants in rotor reference frames, since 8 is a constant 
for a given Ioad torque. As these are constants, they are very similar to armature and 
field currents in the separately-excited machine. The q axis current is distinctly 
equivalent to the armature current of the dc machine; the d-  axis current is field current, 
but not in it's entirely.. The other part is contributed by the equivalent current source 
representing the permanent magnet field [4] . 

For 8=,r/2 
r Zqs  — ZS  

ice.=O 
By substituting these values in torque equation (3.4), we get 

Te  2 2 2°f is  = KI2°f  is N—m 	 (3.11) 

Where K, = 2 2 
The above equation (3.11) is similar to the torque generated in the dc motor. If the torque 

angle is maintained at 90°  and flux is kept constant, then the torque is controlled by the 

stator-current magnitude, giving an operation very similar to that of the armature-

controlled separately-excited do motor. 
The electromagnetic torque is positive for the motoring action, if 8 is positive.. 

The rotor flux linkages A-f  are -positive. Then the phasor diagram for torque angle 

8 90°  is shown in below fig.3.2 

iqs  = Torque producing component of stator current = i7. 

i = Flux producing component of stator current = i f  
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' of 

Fig 3.2 Phasor diagram of the PM synchronous machine for S =90°  

The torque reference is a function of the speed error, and the speed controller usually of 

PI type. When reference torque is divided with the torque constant (K,) we will get the 

torque component of stator current (iqs ) and the flux component ( ice) of the stator current 

is always zero for PMSM Drive to avoid the demagnetization and these two components 

are converted in to the reference currents ice, C and a* in stationary reference frame [5]. 

For current control of VSI fed vector controlled PMSM, the reference currents 

(ice , ibs  and ins ) and sensed winding currents (ias  and ibs ) are fed into the Pulse Width 

Modulated (PWM) current controller. A triangular carrier wave form is generated at the 

required switching frequency (f5 ). The point of intersection of the triangular carrier wave 

and the modulating signals acts as the point of state changeover for the PWM signals, 

which are fed to the driver circuit of the. MOSFET of VSI feeding PMSM. 



Chapter'4 

Modeling and Implementation of Vector Controlled PMSM 
Drive in MATLAB Environment 

4.1 Description and Modeling of vector controlled PMSM Drive: 
Fig.4.1 shows the basic building block diagram of the Vector Controlled Permanent 

Magnet Synchronous Motor Drive (VCPMSMD). The system consists of an outer speed 

feedback loop and an inner current feed back loop. Two of the three phase current signals 

(i1  and ib,) along with the speed signal (co,) are sensed and are used as feed back signals. 

The speed of the motor (co,,) is compared with its reference value (ao;) and the error is 

processed in the speed controller. A limiter is kept on the output of the speed controller 

depending on the maximum permissible torque developed by the motor. The output of the 

speed controller (T) after limiting is considered as the reference torque (Ta ). 
When reference torque is divided with the torque constant (K,) we will get the torque 

component of stator current (iqs ) and the flux component (IL) of the stator current is 

always zero for PMSM Drive to avoid the demagnetization and these two components are 

converted in to the reference currents iL,'L and i in stationary reference frame. 

For current control of _VSI fed vector, controlled PMSM, the reference currents 

( ice , ib, and IL) and sensed winding currents (ia,. and i ,) are fed into the Pulse Width 

Modulated (PWM) current controller. A triangular carrier wave form is generated at the 

required switching frequency (f).  The point of intersection of the triangular carrier wave 

and the modulating signals acts as the point of state changeover for the PWM signals, 

which are fed to the driver circuit of the MOSFET of VSI feeding PMSM. 

Each component of the Vector controlled PMSM Drive (VCPMSMD) is modeled by a 

set of mathematical equations. Such set of equations when combined together represents 

the --mathematical ': modeling of the complete VCPMSMD. The modeling of different 

components of the drive system is as follows. 
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Fig 4.1 Block diagram of Vector controlled PM synchronous motor drive 

4.1.1 Speed Controller: 

The desired reference value of speed signal (a) is compared with the feedback speed 

signal (cvr ) and the speed error (to e ) is computed and used as an input to the speed 

controller, which outputs the-torque value (T). The different speed controllers namely, the 

proportional integral (PI) speed controller, the Fuzzy Logic (FL) speed controller, the 

Hybrid speed controller and the Fuzzy - Pre-compensated Proportional Integral (FPPI) 
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speed . controller are used in vector controlled .PMSM Drive. The output value of the 

torque (T) is fed to the limiter and the final reference torque (T*) is obtained from the 

limiter. The, speed .error at the nth instant of time is given as [211: 

(Ore(n) _ Cvr(n)  wr(n) 	 (4.1) 

Where 	w;(n~ : Reference speed at the nth instant 

Rotor speed at the nth instant 

0re(n) y Speed error at the nth instant 

4.1.1.1 Proportional Integral (PI) speed controller: 
The general block diagram of the PI speed controller shown in fig 4.2 the output of the 

speed controller at the nth instant is given as [21]: 

' 	n) = T(n-1) + K p {Ore( n ) — Core(n-1) } + KiOre(n) 	 (4.2) 

Where Kp :, Proportional gain of the PI controller 
Ki : Integral gain of the P1 controller 

The gain parameters are adjusted by observing their effects on the response on the drive. 

Cor + 	 re I vp 	 T 

+ 

j=n 
r 	 1 

I H K 
j=1 

Fig.4.2 Schematic Block diagram ofPI speed controller 

4.1.1.2 Fuzzy Logic.(FL) speed controller: 
The internal structure of the FL speed controller is shown in Fig.4.3. It comprises of 

three functional blocks namely, the fuzzifier, the decision maker, and the defuzzifier. The 
necessary inputs are applied to these blocks [15]. 

The fuzzifier converts crisp data into linguistic format. The decision-maker decides in 
linguistic format with the help of logical linguistic rules supplied by the rule base and the 
relevant data supplied by the data base. The output of the decision-maker passes through 
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the defuzzifier wherein the linguistic format signal is converted back into the numeric 
form or; crisp form. The decision making block uses the rules in the format of "if-then-
else". 

The fuzzy logic algorithm uses following steps: 

1) Calculation of speed error at nth instant (c~re(n) ) and change in speed error (AWre ) 

as input variables. 

re(n) = r(n) — r(n) 

Change of error OCOre = Wre(n) - wre(n1) 

2) - Appropriate scaling of the input variables w and OO)re . The scaling is essential 

to bring input values into a numerical interval in which the fuzzy variables are 

described also known as universe of discourse. . 
3) The input variables are converted into labels of fuzzy sets in terms of suitable 

linguistic values, this is called fuzzification process. The scaled inputs are crisp 
values limited to the universe of discourse of input variables. The fuzzified value 

• is-a fuzzy degree of membership in the qualifying linguistic set (between 0 and 1). 

Triangular membership function is chosen to evaluate the degree of membership 

of the input crisp values. 

4) In accordance with the linguistic rules, value of the output signal is determined. 

The required rules and data are supplied by the rule base and the data base. 
5) The linguistic output data is converted back into crisp output data by application 

of the method of defuzzification as follows [9] : 

Given a combination of two inputs, the membership of the corresponding 

output is taken as minimum membership value of the two respective inputs. 

Mathematically, 

a = min [ u(inputl), u(input2)] 

Crisp value= {z p(m)a}/ E a 

Where p refers to membership value, the output membership is stored in a and 

p(m) refers to location of peak of membership function. 
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6) The defuzzified (crisp) value is multiplied by a scale factor to obtain the 
.controlled output, which is considered as the reference torque (T*). 

Fig.4.3 Schematic Block diagram of Fuzzy Logic (FL) speed controller 

Definition of Membership Function for.Input and Output Variables: 

In the fuzzy controller of the PMSM drive, the inputs are speed error and change in 

speed error and thee output of the controller is the reference torque (T.'). The range and 

behavior of the input variables of the fuzzy controller are not defined. The speed error 

input is .multiplied by a scaling factor and limited between +1 and -1. Similarly, the 

change is error is also multiplied by a scaling factor to limit its value between +1 and -1. 

The defuzzified output of the controller is within the range of +1 and -1.These input 

variables are denoted by E and bE . Multiplying the defuzzified output with scale factor 

gives out T*. Selection of suitable scale factors is important to obtain a good speed 

response of the PMSMD. 

The membership function for input and output variables is chosen as triangular function 

for simplicity. The membership functions are distributed evenly in the universe of 

discourse. The universe of discourse for speed error input is (-1, +1), for change in speed 

error input is (-1, +1) and also for the output variable it is (-1, .+1). Fig.4.4 shows seven 

terms of input and output variables by triangular shaped fuzzy membership function. The 
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maximum amplitude of the membership function is 1; hence, the measurements of 
membership range. of input variables are from 0 to! [16]. 

-1 	-0.666 	-0.333 	0 	0.333 	0.666 	1 

Fig 4.4 Seven term fuzzy quantization of input and output variables with triangular 

Shaped membership function 

Fuzzy Rule Base: 

The formation of the rule-base matrix is based on experience of human operator expert 

in the area of drives control. A seven-term rule base matrix is chosen from reference [16] 

and the formed rule base is shown in table 4.1. The order of the rule base matrix is 7X7, 

hence, there are forty nine rules for each combination of error (E) and change in error 

(DE). The observations NB, NM, NS, ZE, PS, PM and PB are negative big, negative 

medium, negative small, equal to zero, positive small, positive medium and positive big 

respectively. All rules of the fuzzy rule base matrix can be expressed in linguistic set. 

E. 

NB NM NS ZE PS PM PB 

NB NB NB NM NM NS NS ZE 

NM NB NB NM NS NS .ZE PS 

• NS NB NB •NS NS ZE PS PM 

ZE NB NM NS ZE PS PM PB 

PS NM NS ZE PS PS PB PB 

PM -  NS ZE PS PS PM PB' PB 

PB ZE • PS PS PM PM PB PB 

Table 4.1: Fuzzy rule base matrix 
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Formation of the Rule Base Matrix with Numeral Values: 
The seven level input and output variables and triangular membership function are 

shown in fig 4.4. The scaled inputs, speed error and change in speed error are saturated 
between +1. and -1 boundaries respectively. Each linguistic terms of the fuzzy rule base 

matrix is assigned anumerical value. Table 4.2 shows the seven level linguistic 
representations of the inputs and outputs, and their corresponding numerical values. The 
linguistic representation of the rule base is also converted into numerical values by 
substituting numerical values of inputs E. and AE from table 4.2 to table 4.1; the 

numerical form of rule base matrix is obtained as shown in table 4.3. 

NB NM NS ZE PS PM PB 

E -1 -0.66 -0.33 0 0.33 0.66 1 

AE  -1 -0.66 -0.33 0 0.33 0.66 1 

T -1 -0.66 -0.33 0 0.33 0.66 1 

Table 4.2: 7-term inputs and outputs of the fuzzy controller 

E 

-1 -0.66 -0.33 0 0.33 0.66 - 1 

-1 -1.0 -1.0 -0.66 -0.66 -0.33 -0.33 0 

-0.66 -1.0 -1.0 -0.66 -0.33 -0.33 0 0.33 

-0.33 -1.0 -1.0 ,  -0.33 -0.33 0 0.33 0.66 

0 -1.0 -0.66 -0.33 0 0.33 0.66 1.0 

0.33 - -0.66 -0.33 0 0.33 0.33 1.0 1.0 

0.66 -0.33 0 0.33 0.33 0.66 1.0 1.0 

1 0 0.33 0.33 0.66 0.66 1.0 1.0 

Table 4.3: The 7X7 order of fuzzy rule base matrix with numerical value 

4.1.1.3 Hybrid speed controller: 

The major disadvantage of FL control is the presence of steady state speed error on load. 

To eliminate, this disadvantage it is necessary to combine the FL control with another 

suitable control technique, which is capable of removing the disadvantage existing with 

FL control. Therefore, a. PI controller is used in combination with FL such that at the 
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operating point the PI controller takes over eliminating the disadvantage of FL controller. 

Similarly, when away from the operating point i.e. when error is high FL controller 
dominates and eliminates, the errors due to PI controller such as occurrence of overshoots 
and undershoots in drives response. Such a speed controller where weighted combination 
of two controller outputs contributes to the net output is called hybrid speed controller. 
Fig.4.5 shows the block diagram of the hybrid speed controller. Fig.4.6 shows the pattern 

for combining the outputs of PI and FL speed controllers to realize hybrid speed 
controller. 

ire 	 Fuzzy Logic 
Controller 

Switch 
T  Hybrid  

Switch  

Proportional 
Integral speed 

controller 

Fig.4.5. Schematic Block diagram of Hybrid Speed controller 

In the p.u. speed error scale, when the error is above 1°.0. pu or below -1.0 pu, the FL 

speed controller works. At the operating point PI speed controller is predominant [25]. 

For ease of mathematical calculation, four sub regions in the combination patterns of PI 

and FL speed controllers are defined as shown in fig.4.6. 

Fuzzy Logic 	 Region C Region B 	Fuzzy Logic 

Kegion A 

Proportional Integral 	 Integral 

-1.0 	-0.6 	0.0 
	

0.6 	1.0 

Ire (Ptl) 

Fig.4.6 Membership function of Hybrid Fuzzy PI speed controller 	 ' 
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Region A: Speed error. between 0.666 pu and 1.0 pu_ 

WFL =1.0 

WPI 1— C~re(pu) 

Region B: Speed error between 0.0 pu and 0.666 pu 

WFL = ( 10.666) 6)re(pu) 

WP, =1—w,e(pu) 

Region C: Speed error between -0.666 pu and 0.0 pu 

WFL.— YO. 6 6 6 ) Core( Pu) 

WP, =1+W,.(P.) 

Region D: Speed error between -1.0 pu and- -0.666 pu 

WFL =1.0 

WP, =1+cv e(pu) 

Where WFL refers to the weight of Fuzzy Logic speed controller 

W.pl Refers to the weight of PI speed controller 

e( pu) Refers to the speed error in pu scale. 

The net torque output, of the hybrid speed controller is expressed as [21]: 

TK = WFLx7FLx +WWrxTTIx 

Where k = A, B, C, D. 

When speed error greater than 1.0 pu or less than -1.0 pu 

WFL =1.0 

Wp, =0.0 

TFLK refers to the torque output of the FL speed controller (after application of speed 

limit) in the kth region of the combination pattern, TPIK refers to the torque output of the 

PI speed controller (after application of speed limit) in the kth region of the combination 

pattern and TK refers to the net output torque of the hybrid speed controller from the kth 

region of the combination pattern fed to the limiter. 



4.1.1.4 Fuzzy Pre-compensated Proportional Integral (FPPI) speed controller: 
PI speed controller is generally used in implementation due to its simplicity and ease of 

application. To make the same control robust in nature so that it becomes independent of 
parameter variations as well as the problems of undershoot and, overshoot at the starting 

time of the response, a pre-compensation using FL is used to the reference signal. As a 

result, depending upon the .value of speed error (Wre ) and change in speed error 

the FL control produces a signal (u), which may be positive or negative in value. The 

algebraic addition of the FL controller output (u) with the reference speed (co,) produces 

the pre-compensated reference speed (w 1 ) to be used as reference speed in the remaining 

control action of PI controller. Such a phenomenon of pre-compensation eliminates the 

possible disadvantages in the normal PI speed controller and introduces robustness to the 

control system [21]. 

CO 

  

Fuzzy Logic 
Controller I u 

Proportional 
Integral speed 

Controller 

Fig.4.7 Schematic Block diagram of Fuzzy Pre-compensated Proportional Integral 

(FPPI) speed controller 

Fig.4.7 shows the schematic block diagram of FPPI speed controller. The fuzzy rules 

are stated in table.4.4. The control algorithm process takes place as follows: 

(1) At first speed error (a) and change of speed error (At ire ) calculated. 

(2) After proper scaling these two signals are given to the FL controller, and the output of 

the FL controller after proper scaling-  (u) is algebraically added with the reference speed 

signal( w) to generate pre-compensated reference speed signal (oorl  ). 

(3) The pre-compensated reference speed signal (w) is used as reference speed in PI 

speed controller. 
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NB NM NS ZE PS PM PB 

NB NB NB NM NM NS NS ZE 

• 

• 

NM NB NB NM NS NS ZE PS 

NS NB NB NS NS ZE PS , "PM 

ZE NB NM NS ZE PS PM PB 

PS NM NS ZE PS PS PB PB 

PM NS ZE PS PS PM PB PB 

PB ZE PS PS PM PM PB PB 

Fig.4.4 Logic rules for Fuzzy Logic Controller used for Pre-compensation 	" 

4.1.2 Limiter: 
When the drive operates in the transient conditions such as starting, reversing or load 

application, the speed controller output (T) is very high value to achieve the steady state 

condition of the :drive as fast as possible. As a result, the controller output signal (T) may 

become quite high and in some cases it may become higher than the breakdown torque of 

the motor. Such a situation may be rather dangerous for the motor and may take the drive 

in to instability, in order to avoid such situations; "it becomes very much necessary to 

apply a certain limit on the output of the speed controller. The output of the, speed 

controller after this limiter is considered as the reference torque (T*) to the vector 

controller and used to obtain the value of stator. current torque component. As a result, the 

limit on the torque also ensures over current protection to the drive. Whenever reference 

speed changes or there is an application of load torque on the shaft, the speed controller 

output is limited to a. maximum permissible value (T*). Therefore, the limiter on the 

speed controller output provides an inherent stability to the closed loop speed control 	_ 

system. 

4.1.3 Vector Controller: 

The output of the speed controller_ after limiting is taken as the reference torque (T*) 

When" we divide the reference torque with torque constant we will get the torque 
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component (iqs ) and the flux component ( ice) of the stator current is always zero for 

PMSM Drive to avoid'the demagnetization. With these two components we can calculate 

the reference currents i, ibs and ç. 

4.1.4 Pulse Width Modulated (PWM) Current Controller: 
In order to operate the three-phase PMSM into vector controlled mode, sensed three 

phase stator. currents (i, ibs and ins ) are to be controlled close to the three phase reference 

currents (iQS , ibs and C). Such a control technique to control the two sets of three phase 

currents is called current. control. PWM current control is one of the current control 

techniques wherein the switching frequency can be kept constant. The error between the 

reference three-phase currents and the sensed three phase currents are calculated and the 

set of current error are amplified with proportional controller and the resulting output is 

taken as modulating signals which are compared with a carrier triangular wave of 

required frequency (fs) [6]. Fora given phase, the instant at which the modulating 

switching signal and the triangular carrier wave intersect each other is the instant at 

which signal for that respective phase changes its logical value between switch off and 

switch on. The switch on or switch off PWM logic generated for all the three phases are 

given to the gate driver of MOSFET of VSI. 

4.1.5 Voltage Source Inverter (VSI): 

The three-phase voltage source inverter (VSI) comprises of a bridge configuration of 

six MOSFET switches with respective freewheeling diodes. The pulses coming from the 

PWM current controller is fed to this VSI. With this, we can obtain variable voltages with 

variable frequencies for the permanent magnet synchronous motor, which is operated in 
vector-controlled mode of operation. 

The ac output of the VSI is dependent upon the combination of the switching functions 

•SFQ , SFb and SF~ received from the sinusoidal PWM current controller. Therefore, the 

magnitude of the three phase voltages can be mathematically expressed as: 

V. =V,(2SFQ —SFb —SF.)/3 

Vbs =V(-S1 +2SFb —SF)/3 
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Vas  = VdC  (-SFa  —SF, +2S1)/3 

Where Vim , Vbs  and V are the per phase PWM voltages. respectively. SFQ , SFb  and SF, 

are the switching functions for phase a, b and c respectively. 

4.2 IMPLEMENTATION OF SPEED CONTROLLERS IN MATLAB ENVIRONMENT 
The simulation model has been developed in MATLAB environment along with 

simulink: and Power System Block set (PSB) tool boxes for simulating response of vector 

controlled permanent magnet synchronous motor drive under different operating 

conditions such as starting, speed reversal and load perturbation. 

Fig.4.8. Vector controlled permanent magnet synchronous motor drive (VCPMSMD) 

simulation diagram in MATLAB using simulink power system block set 

The main function of speed controller block is to provide a reference torque for the vector 

controller. Fig.4.9 shows the simulink model diagram of the PI speed controller in 

discrete time frame. The basic operating equations have been stated in section 4.1.1.1. As 

seen in figure,_..using..the. proportional and integral gain parameters namely, Kp  and K; 
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respectively along with the limiter. The rated torque can be calculated according to the 
motor rating. The time delay instant (n-1)th instants is achieved by using the delay block. 

Fig.4.10 shows the simulink model block diagram for the FL speed controller. The two 
inputs namely, speed error and change in speed error are properly scaled and fed to the 
FL controller. The output of the dufuzzification block is again scaled and limited to give 
the .reference torque for the vector controller. 

tkimI 

Sum 
5etUYB Dn 	f 	T' 

ir~tegra( 

Fig.4.9. MATLAB model for Proportional Integral (PI) speed controller 

K1 

, 

Fuzzy Logic 
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®I 

Fig.4. 10 MATLAB model for Fuzzy Logic (FL) Speed Controller 

Fig.4.11 shows the simulink model block diagram for the hybrid speed controller. This 

controller combines the outputs of FL and PI speed controllers respectively as a weighted 

sum.. Ta,._Tb, Tc and Td denote the hybrid controller outputs corresponding to the speed 

error. The decision switch decides which option to be transmitted out of the speed 

controller depending upon the speed error pu value. 
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Fig.4.12 shows the simulink model block diagram for the FPPI speed controller. The 

FL controller produces the modified reference speed signal, from which a speed error is 

calculated, which is fed to the PI speed controller as the reference speed signal. 

Fig.4.11. MATLAB Model for Hybrid speed controller 
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Fig.4.12 MATLAB Model for FPPI speed controller 
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Fig.4.13 MATLAB model for conversion of DQ reference current signals to ABC 
reference current signals 

4.3 Sensorless vector control of PMSM: 

Vector control of PMSM drive requires the knowledge of rotor position and speed. 

Vector control of PMSM employing position and speed sensors are already discussed in 

section 4.2. To reduce total hardware complexity and costs, to increase the mechanical 

robustness and reliability of the drive, to reduce the maintenance requirements and to 

have noise immunity it is desirable to eliminate these sensors in vector-controlled drives. 

The basic control schematic diagram is shown in fig.4.14 two phase currents and 

voltages constitute the inputs to . the electrical rotor position and speed estimator. The 

error between the reference speed (w;) and the estimated rotor speed (Wr ) and the error 

is processed in the speed controller. A limit is kept on the output of the speed controller 

depending on the maximum permissible torque developed by the motor. The output of the 

speed controller after limiting is considered.  as the reference torque (T*).  By dividing the 
reference torque with the torque constant we obtain the torque-producing component of 

the stator current (iqs ) and the flux component ( ice) of the stator current is always zero 

for PMSM Drive to avoid the demagnetization and these two components are converted 

into the reference currents i , ibs  and i .For current control of VSI fed vector controlled• 

PMSM, the reference currents (ii, ibs and ins ) and sensed .winding currents (i, ib,  and ins  ) 

are fed into the Pulse Width Modulated (PWM) current controller. A triangular carrier 

wave form is generated at the required switching frequency (f'). The point of 



intersection of the triangular carrier wave and the modulating signals acts as the point of 

state changeover for the PWM signals, which are fed to the driver circuit of the MOSFET 

of VSI feeding PMSM. 

Fig 4.14 Block diagram of sensorless vector controlled PM synchronous motor drive 
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4.3.1 Flux and speed-estimation using monitored stator voltageslcurrents: 
Here we are using a simple . (open-loop flux estimation) position-sensorless control 

system for the vector, control of a PMSM (with ` sinusoidal back e.m.f.) supplied by a 
current-controlled PWM voltage source inverter. The goal is to control the phase angles 

of the stator currents to maintain near unity power factor over a wide range of speed and 
torque. For this purpose, the monitored stator voltages and currents are used to estimate 

the position of the stator flux-linkage space vector through which the phase angles of the 
stator currents can be controlled. 
Open-loop flux estimators can be used in a wide range of a.c. -drive applications, 

including induction motor drives. Such an estimator will yield the angle of the stator flux-

linkage space vector with respect to the real axis of the stator reference -frame 

together with the modulus of the flux space vector. These quantities are shown in fig.4.15 

In general, for synchronous machine in the steady state, the first time derivative of this 

angle gives exactly the rotor speed, (D,. = d ps  /dt . However, in the transient state, in a 

drive where there is a change -  in the reference electromagnetic, the stator flux-linkage 

space vector moves relative to the rotor (to produce a new torque level), and this 

influences the rotor speed. This effect can be neglected if the rate of change of the 

electromagnetic torque is limited [17]. 

In general, the angle between the stator-current space vector and stator flux-linkage 
space vector is not 900, but if-the stator power factor is to be unity, then the stator-current 
space vector should lead the stator flux-linkage space vector by 900, and this case is 

shown in fig.4.15 

sQ 

sD 

Fig.4.15 Stator current and flux linkage, space vector 
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Open-loop flux estimation [1]:  

In general, the stator-flux space vector can be obtained by integration of the terminal 
voltage minus the stator ohmic drop 

Thus the following direct- and quadrature- axis stator flux-linkage components in the 

stator reference frame are obtained (by considering Vs = VSD + jVSQ , is = iSD + jiso and 

Q15 =LD'+jiVsQ)~ 

	

WSD = f(VD —  RsiSD t, 	 (4.1) 

	

sQ — f(VSQ — RS iSQ )cdt. 	 (4.2) 

d-axis,q-axis fluxes are calculated in MATLAB simulink environment as shown in 

fig.4.16. 

i : d 

Si 5 

v sq 

Fig.4.16 MATLAB simulink model for flux estimation of PMSM 
Equations 4-:1, 4.2 contain the two-axis stator voltages and currents. These can be 

obtained from the measured line voltages and currents as follows: 

V-D (VBA —VAC) 
3 

__ 
(~'=)

(
V.Q = \VAC +VBA) 



iSQ = 	(ice + 2iSB ) 

The angle of the stator flux-linkage space vector (which is also shown in fig.4.15) can be 
obtained from the two-axis stator flux-linkage components as 

	

Ps. = tan-' (VISQ /VI D) 	 (4.3) 

It is important to note that the performance of a PMSM drive using eqn.4.3 depends 

greatly on the accuracy of the estimated stator flux-linkage components and these depend 
on the accuracy of the monitored voltages and currents. 

For the synchronous' machine, the first derivative of the angle ps is equal to the rotor 

speed, 
 

'And in the speed .control loop of the permanent-magnet synchronous motor drive, this 

relationship can be directly: utilized. The estimation of the rotor speed based on the 
derivative. of the position of the stator flux-linkage space vector can be slightly modified, 

by considering that the analytical differentiation d ps /dt , where ps = tan-' (cvgQ /V D) , 

gives 

	

sD 
	d YI D 

	

~V 
_  

WSQ 

 

dt  dt O  (4.4) 

 

r —  2  2 
WsD + YsQ 

And it is implemented in MATLAB as shown in fig.4.17. 



Fig.4.17 MATLAB Simulink model for speed estimation of PMSM drive 
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Chapter 5 
Hardware -Implementation 

5.1.Introduction: 
The widely used controlled inverter shown in Fig.5.1, known as the three-phase PWM 

voltage source inverter (VSI) offers many good features such as very low distortion in 

voltages and currents on the ac side and the dc side, minimum component count, 
minimum voltage and current stresses in the components, bi-directional power flow 
capability, power factor correction and dc voltage regulation capabilities, high power 

density and high efficiency. 
However, it suffers from high switching 'losses which are aggravated by the reverse 

recovery characteristics of the diodes. This limits the maximum switching frequency for a 
given power rating and increases the overall electromagnetic interference (EMI). This in 

turn prevents any further reduction in size of the filter reactive components and limits the 

converter bandwidth: 
In order to alleviate the switching loss and the reverse recovery problem, some- soft-

switching techniques, snubbing circuits and gate signal shaping circuits must be used. 

5.2 Applications of Inverters: 
AC/DC power converters/inverters are extensively used in various applications like 

power supplies, dc motor drives, front-end converters in adjustable-speed ac drives, slip 

power recovery control of induction motors, HVDC transmission, SMPSs, UPSs,'utility 

interface with non-conventional energy sources such as solar PVs, wind, etc., in process 

technology like welding, power supplies for telecommunications systems, aerospace, 

military environment and so on. 
Nowadays more and more applications require that the front AC-to-DC converters have 

both rectifying and regenerating abilities with fast response to improve the dynamic 

performance of the whole system. A better solution is to use pulse width modulated 

(PWM) AC-to-DC voltage source converters or current controlled rectifiers (CCR's) 

which have the merits of nearly sinusoidal input current, good power factor and 

regeneration ability. 
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5.3 Classification of Inverters: 
• Inverters can._be classified as voltage source inverters (VSI) and current source 
• inverters (CSI).:.A .voltage source inverter is fed by a stiff dc voltage, whereas a current 

source inverter 'is - fed by a stiff current source. A. voltage source can be converted to a 

current source by connecting a series inductance and then varying the voltage to obtain 
the desired current. 	 - 

A VSI can also be operated in current-controlled -mode, and similarly a CSI can also 
be operated in the -voltage control mode. The inverters are used in variable frequency ac 
motor drives, uninterrupted power supplies, induction heating, static VAR compensators, 

etc. 

- . -:- T:. 1- 4344  

VdCLLL 
i 

2J 4J 6j 

Fig 5.1 Three phase voltage source inverter configuration 

V 
 

V -v 

_v 
CtFt 

vi. 	VS ~ J 	' 
Cot 

Fig 5.2 Three phase square wave inverter waveforms 
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5.4 Voltage Source Inverter (VSI): 
A- three-phase voltage source inverter configuration is shown in Fig.5. 1; The VSIs are 

controlled either in square-wave mode or in pulse width-modulated (PWM) mode. In 
square-wave mode, the frequency of the output voltage is controlled within the inverter, 
the devices being used to switch the output circuit between the plus and minus bus. Each 
device conducts for 180 degrees, and each of the outputs is displaced 120 degrees to 
generate a six-step waveform, as shown in Fig 5.2. The amplitude of the output voltage is 
controlled by varying:the dc link voltage. This is done by varying the firing angle of the 

MOSFETs of the three-phase bridge, converter at the input [4I. The square-wave-type 
VSI is not suitable if the dc source is a battery. The six-step output voltage is rich in 

harmonics and_thus needs heavy filtering. 
In PWM inverters, the output voltage and frequency are controlled within the inverter 

by varying the width of the output pulses. Hence at the front end, instead of a phase-
controlled MOSFET converter, a diode bridge rectifier can be .used. A very popular 

method of controlling the voltage and frequency is by sinusoidal pulse width modulation. 

In this method, a high-frequency triangle carrier wave is compared. with a three-phase 

sinusoidal waveform, as shown in Fig 5.3. The power devices in each phase are, switched 

on at the intersection of sine and triangle waves. The amplitude and frequency of the 

output_, voltage, are. varied, respectively, by varying the amplitude and frequency of the 

reference sine waves. The ratio of the amplitude of the .sine wave to the amplitude of the 

carrier wave is called the modulation index [6]. 
The harmonic components in a PWM. wave are easily filtered because they are shifted 

to a higher-frequency region. It is desirable to have a high ratio of carrier frequency to 

fundamental frequency to reduce the harmonics of lower-frequency components. There 

are several other PWM techniques mentioned in the literature. The most notable ones are 

selected harmonic elimination, hysteresis controller, and space vector PWM technique. 

In inverters, if SCRs are used as power switching devices, an external forced 

commutation circuit has to be used to turn off the devices. Now, with the availability of 

MOSFETs above 1000-A, 1000-V ratings and high frequency, they are being used in 

applications up to 300-kW motor drives. Above this power rating, GTOs are generally 
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used. Power Darlington transistors, which are available up to 800 A, 1200 V, could also 
be used for inverter applications. 

Fig.5.3 Three phase sinusoidal PWM waveforms 

5:4.1'Metal Oxide .Semiconductor Field Effect Transistor (MOSFET): 
A- power.. MOSFET has , three terminals called drain, source and gate in place of the 

corresponding _terminals collector, emitter and base for. BJT. The circuit symbol of power 
MOSFET is as shown in fig 5.4. Here arrow indicates the direction of electron flow. A 
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BJT is a current controlled device where as power MOSFET is a voltage-controlled 
device. As its operation depends .upon the flow of majority carriers only, MOSFET is a 
unipolar device. The control signal or base current in BJT is much larger than the control 
signal required in a MOSFET. This is because of the fact that gate circuit impedance in 
MOSFET is extremely high, of the order of 109  ohm. This large impedance permits the 
MOSFET gate to be driven directly from microelectronic circuit. BJT is suffers from 

second _ breakdown voltage where as MOSFET is free from this problem. Power 
MOSFETs are . now finding increasing applications in .low power high frequency 
applications (up to 100 KHz). Power MOSFET conduction conduction is due to majority 
carriers; there fore time delays caused by removal or recombination of minority carriers 

are eliminated. Thus power MOSFET can work at switching frequencies in the megahertz 

range. 

Drawl 
D 

GATE 

S 
Source 

Fig.5.4 MOSFET Circuit Symbol 

5.4.2 Designing of VSI: 

5.4.2.1 Power Supply Circuits: 
DC regulated power supplies (+12v, -12v, +5v) are required for providing biasing to 

various transistors, IC's etc. The circuit diagram for various dc regulated power supplies 
are - shown in fig 5.5; in it the single phase ac voltage is stepped down to 12V and then 

rectified using a. diode bridge rectifier. A capacitor of 1000µf, 50volts is connected at the 

output of the bridge rectifier for smoothening out the-ripples in the- rectified DC regulated 



voltages, IC voltage regulators are used for regulating the voltages on load also. Different 

IC voltage_ regulator that are used •are, 7812 for +12V, 7912 for -12V and 7805 for +5V. 
A:  capacitor: of .10Aµf; 25V capacitor is connected at the output of the IC voltage regulator 
of each supply for obtaining the constant and ripple free DC voltage. 

- 	 ±12'.' 

EH:___*_:+ 12 1  

00uF 
230Va  50Hz 	 SOV 	 25V 
AC Supply 

—12V 
7912 

230V./ 12V 
30.00uF 	_ 100uF 

;':230V SOHz{'i`I' 	 SQV 	 25V 
AC Supply - 

G 

+SV- 	 - 

7805 
230'V/ 12'V 

1000uF 	 10OuF 

230V, 50Hz 	 50V 	 2SV 
A-c Supply 

Fig.5.5 Circuit Diagrams for IC regulated Power Supplies 

- DC VOLTAGE IC REGULATOR 

+5V 7805 

+12V 7812 

12V 7812, 7912 

47 



5.4.2.2 Pulse Amplification and Isolation Circuit: 
• The pulse -amplification and isolation circuit for MOSFET is shown in figure 5.6. 

The 'Opto-coupler (MCT-2E) provides the necessary isolation between the low voltage 
isolation circuit and high voltage power circuit The pulse amplification is provided by 
the outputamplifier transistor 2N222. 

When the input gating pulse is. at +5V level, the transistor saturates, the LED 
conducts and the light emitted by it falls on the base of phototransistor, thus forming its 
base drive. The output'transistor ;thus receive no base drive and, therefore remains in cut-
off state and a +12 v pulse (amplified) appears across it's collector terminal (w.r.t. 

ground). When the input gating pulse reaches the ground level• (OV), the input switching 

transistor goes. into the cut-off state and LED remains off, thus emitting no light and 

therefore a photo transistor of the opto-coupler receives no base drive and, therefore 
remains in cut-off state .A sufficient base drive now applies across the base of the output 
amplifier. transistor At goes into the saturation state and hence the output falls to ground 

level. Therefore circuit provides proper amplification and isolation. Further, since 

slightest spike above 20v can damage the MOSFET, a 12 V Zener diode is connected. 

across the output of isolation circuit. It clamps the triggering voltage at 12. 

+12 th 
+12U 

Im 

+ 

FIRING I ,C E 

0 

Figure 5.6 Pulse amplification and isolation circuit 
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5.4.2.3 Circuit Protection: 
(A)-Snubber Circuit-for MOSFET protection: 

MOSFETs are used in power electronics application, because of hard switching 
applications and lower conduction losses. Most of the MOSFETs are used in hard 
switching applications up to 20 kHz, beyond that switching losses in MOSFETs becomes 
very significant. 

Switching such:=high' currents in short time gives rise to voltage transients that could 
exceed the rating of MOSFET especially if the bus voltage is close to the MOSFETs 
rating.. Snubbers ;are .therefore needed to protect the switch from transients. Snubber 
circuit for MOSFETs as shown in Fig.5.7 

• Snubbers are 'employed to: 
.1 Limit di/dt or dv/dt. 

• Transfer power dissipation from the switch to a resistor. 

• Reduce total switched losses. 
RCD snubbers are ` typically used in high current application. The operation of RCD 
snubber is as "fallows: The turn-off makes the voltage zero at the instant the MOSFET 
turn-off.. At,tum-.off,-.the device current,is transfer through the diode Ds  and the voltage 
across. the, device- builds, up. At the turn-on, the capacitor CS  discharges through the 
resistor RS.,The: capacitor energy is dissipated in the resistor R5  at turn-on. 

DS  

Fig.5.7. Snubber circuit of MOSFET 
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(B) Over voltage protection 
An additional protective device Metal-Oxide-Varistor (MOV) is used across each 

device to provide protection against the over voltages. MOV acts as a back-to-back zener 
and bypass the transient over voltage across the device. In general the voltage rating of 
MOV is kept equal are below the rating of MOSFET to protect it from the over voltages. 

(C) Over heating protection 
Due to the ohmic.' resistance of MOSFET and anti - parallel diode, I2  R loss takes 

place as a result of the current conduction, which results the heat generation, thus raising 
the device temperature, this may be large enough to destroy the device. To keep device 

temperature within the permissible limits, all MOSFETs are mounted on aluminum heat 

sink and are then dissipated to the atmosphere. 

(D) Short circuit protection 
The thermal capacity of semiconductor device is small. A surge current due to a 

short circuit may rise device temperature much above its permissible temperature rise 

limit which may instantaneously damage the device. Hence, the 	 tion is 

provided by fast acting fuses in series with each supply lin . 

5.51-8438 Embedded Controller 

5.5.1 Introduction: 	
00ø" 

I-8438 is the ICP DAS MATLAB Embedded Controller solution uilt ' 	ernet 
and series interface with UO expansion slot for MATLAB development environment. 

For this application there are over. 20 UO bridges and system-level Simulink blocksets 

have been developed. By using Simulink development environment and these 

MATLAB Driver's blocksets, control algorithm can be easily constructed and 

verified without writing any code. Once the algorithm has been verified, by pressing a 

build: button, we can convert a model to executable code, and download it to 

controller for test or practical application via RS232 and Ethernet [26]. 
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5.5.2~:Simulink model with ICPDAS'driver: 
If the simulation output was satisfied, we can replace the built-in Simulink blocks 

with the 1-8000= driver blocks. To add an I-8000 driver. block to the model, follow these, 
steps: 
Step '1: -Insert a SYS .INIT block from the System block library. 

Step -.2: Double-click--on the SYS_INIT -,block to open the SYS_INIT dialog box. Then 
"select the :correct-type from the .popup .menu on the dialog box. Here, we select the type 
as 18438. 
Step 3: Connect the blocks (Analog & Digital 1/0) where ever we needed in the simulink 
Block. 
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5.5.3 Build the program by RTW: 
In this section, we will discuss how to convert the control model created in the 

previous section into an .exe file by RTW. To do this, just follow the following steps: 
Step 1: Open the Simulation Parameters dialog box by choosing Simulation parameters 
from the Simulation menu. 
Step 2: On the dialog box that displays, select Type as Fixed.-step, Mode as Single 

Tasking in the "Solver options" field. 
Step 3: Then click- the . "Real-Time Workshop" tab and the pane changes. On the pane 
that shows up, select "Target configuration" from the "Category" field. Then click the 

Browse button to open the "System Target File Browser" window. 

Step 4: On the System Target File Browser dialog, select the correct system target file 

from the list and then click the OK button to close the dialog box. Here, we choose 

I_843 8.tic.  
Step` 5: And select • the "ERT code generation options" (for MATLAB 6.1) or "ERT code 

generation options (1)" (for MATLAB 6.5) in the Category field. Then check the 

Terminate function required and Single output/update function options on the pane. 

Step 6: For MATLAB 6.5, you have to select "ERT code generation options (3)" from 

the Category field. Then cancel the option Generate an example main program. 

Step 7: When the above steps are done, click the Build button to start the build process. 

After the process ends successfully, the message in the MATLAB command window 

looks like as the following figure. 

• Note: 
The name of the model cannot be over 44 characters. (This is due to the limitation of 

Turbo C/C++ Compiler) 



Available memory 347600 	 fr 
F:ATC\binvtcc -ml -c -w-. -BM)DRL-pid -PERT -FNtM Tat -DONE TEPFCN=1 -IF \TC  
Turbo .0++Version 1.01 Copyright (c) 1990 Borland International 	 >' 
o:\iopdas8!/ma6inSOQO.a: 	 ~ s' 

Available memory 286368 

F_\TC\b n%toc -1 -ml, -LP':1TC lib -e._fpid.exe pid.obj pid dat.obj main8OJ0 o6 

Turbo C++:. Version 1:01 Copyright (c) IM Borland International 

Turbo Link Version 3.01 Copyri;ht (c) 1987, 1990 Borland International 

Available  

ted.  executable : pid.exe 
 

successful completion of Reel-Time Workshop build procedure for model: pid= 

Program downloading & data uploading: 

After the build process is completed, you can download the executable file generated 

to'the I843 8 ernbedded controller in the following way: 

Enter gui8000 at the MATLAB prompt, and the GUI dialog box appears. It provides 

two.communication.inodes,.RS232 and TCP/IP, for us to download application program. 
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In RS232 mode, follow steps to download the program to the I-8438 target system 
for application: 
Step 1: Turn on the I-8438 control system and set I-8438 control system in OS mode 
Step 2: Enter gui8000 command at the MATLAB prompt and the GUI dialog box 
appears. 
Step 3: Select.the serial port you use in the PC to connect to the I-8438 control system. 
Then_set Baud rate, Parity, Data bits, Stop bit as `115200, none, 8, 1'. The default baud 
rate of. the I-843,8 -control system is 11520.0. 
Step 4: Close 7188xw.exe first and then click the Connect button. If the connection is 
successful, the message, "Connection is established' on the dialog box", will show up. 
Step 5: Now it's time to download your program. Click the Download button and the 
Select File to Download dialog box appears. Select the file you want to download to the 
I-8438 control system and press the OK button to close the dialog box and then the 
download process starts. 
Step 6: On the dialog box that appears, you can see the progress of program 
downloading. Then you can click the Start button to run your control program after the 
progress of program downloading was finished. 
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Step 7:. After we°execute the program successfully, then you can click the Upload button 
to collect the data from the I8438 control system, and data will be . saved - in a file whose 
name is the filename we assigned in the Data to File dialog box. This data file will be 
placed in the current. working directory. And if we use analog/digital 1/0 modules the 
output will be available in that module. This o/p is indicated by the glow of LED's on 
that corresponding analog/digital I/O module 

5.5.4 I-8438 Controller Modules: 
There are.3 types of modules in 8438 controller. They are: 

1.. Analog: input.module (i-8017) 
2. Analog output module (i-8024) 
3.:y: Digital input'Output module (i-8054) 



1. Analog input module (1-8017): 
Description: 

8-channel Isolated Analog Input Module. 
0 

2 

3 
4 
3 
6  

7 
I-5017H 

Driver Block Parameters: 
Channel - Enter numbers between 0 and 7. This block allows the selection of analog 
input lines in any order. The number of elements defines the number of analog inputs 
used. For example, to. use the first 8 analog inputs, enter [0 1 2 3 4 5 6.7] 
Voltage range - Thel-8017H, Al module, provides 4 ranges of-the input voltage, and 
they are +/-10V, +/-5V, +/-2.5V, and +/-1.25V. 
Slot - The number of the slot where 1-80 17H module is located. For example, choose 2 
from the popup list if you have mounted an-I-8017H module on slot 2. 
Type of Value - Floating or Hex is available. The table below presents the list of ranges 
of the input voltage. 

2. Analog output module (1-8024): 
Description: 

4-channel Isolated Analog Output Module. 

r i 
.:. Ib04 

Driver Block Parameters: 
Output Mode— Voltage Out or Current Out is available. 

• .Voltage Output -> +/-1 OV 

• Current Output -> 0-20mA 
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Output.:channel,-Enter numbers between 0.. and 3. This block allows the selection of 
analog output lines in any order. The number of elements defines the number of analog 
outputs used:.For. example; to use the first 4 analog outputs, enter [0 1 2 3] 
Gain - A multiplier. The default value is 1. 
Slot - The number of the slot where I-8024 module is located. For example, choose 2 
from the popup. list, if you havemounted an I-8024 module on slot 2. 
Typ -of Value -;Floating or Hex is available. The following table presents the difference 
between.them. 

3.. Digital input/Output module (1-8054): 
Description: 
16-channel Isolated-  Digital I/O Module. 

Ini 
In2 
In 

PoVaI 	1n4 
Ins 	 . 
In6 
In7 

F8054 

Driver Block`Parameters: 	 . 
DI 'Channel'- Enter numbers between 0 and 7. This block allows the selection of digital 
input lines inany order. The number of elements defines the number of digital inputs 
used -For exarriplto use' the first  8 digital inputs, enter [0 1 2 3 4 56 7] 
Slot` =: 2-The number of the slot where 1-8054 module is located. For example, choose 2 
from the'popup list-  if you have mounted an I-8054 module on slot 2. 

Scaling input to output (digital output): 	- 

Block input value Hardware Output 

0-- All channels are off 

1 	.. chO is on, others are off 

2 	. chi is on, others are off 

255 All channels are-on 
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5.6 Generation PWM Signals by using I-8438 Controller: 

Many control strategies are there to .control the VSI. But here we are using SPWM In 
SPWM, triangular carrier wave of frequency `fc' is compared with the fundamental 

frequency 'f' sinusoidal modulating wave, and the points of intersection determine the 
switching points of power devices. - 

But i-8438 controller doesn't support. continuous waveform blocks like triangular 

block. So by using discrete blocks we should develop triangular waveform. Then, we 

compare this triangular signal with sinusoidal waveforms in the dsp controller; this will 

give 6-pulses available at the Digital o/p module, which are used for switching the IGBTs 

in the inverter. 
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... 	 ... 	.... 
Fig.5.7 Embedded controller based implementation of SPWM technique for VSI 

In the. above fig.5.7 we obtain 6-pulses from the SPWM block, pulses are represented by 

0 or 1. When the pulse is high, it is represented by 1; otherwise it is represented by 0. At 

first these six pulses i.e. binary values (0's and 1's) are converted in to decimal form then 

this .decimal , value is given to the digital o/p module (i-8054) of the controller. This 

module gives the binary values at the o/p ports (0, 1, 2, 3, 4, and 5) which is equivalent to 

the i/p decimal number i.e. the o/p of each port represents one pulse. The o/p of six ports 

represents six pulses. 
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Fig 5.8 MATLAB model for sinusoidal PWM technique 

5.6.2 Triangular waveform generation: 

I8438 Embedded controller does - not, support the repeating sequence waves. In order to 

generate =the..pulses we have to compare sinusoidal signal with triangular waveform. So we 

haveto generate,the -triangular waveform. Fig.5.9 shows the MATLAB Simulink model for 

triangular waveform generator. 
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Chapter 6 
Results: and Discussions 

The performance of the vector controlled- PMSM drive is simulated under different 
dynamic:,-conditions . such as starting, speed reversal and load perturbation. A set of 

response: comprises. reference R speed ( car ), rotor speed (co,) in electrical rad./sec., three 

phase reference' currents('i , z and . * ), three phase winding currents (ice., ibs  and i") in 

amperes:;  and.. the load.torque (TL ) and actual torque (T) in Nm. The vector controller is 

realized-.as. a .discrete-  structure in time domain. The performance for starting, speed 
reversal and load perturbation are shown in figs.5.1-5.8. 

6.1 Starting Dynamics: 
The .motor . is started at low frequency decided by the controller and finally runs at 

steady state. condition at the set reference _ value of speed. The reference speed is set at 
200 rad /sec ::with -aatorque limit set at twice the rated value so that the starting current is 

also ,limited withimthe twice -of the rated current. When the speed error .reduce to almost 
zero the winding: current reduces to the no ,load value. The starting dynamics are shown in 

Fig.6.:1-68. 

6.2 Reversal Dynamics: 
The speed reversal dynamics-  are also shown in fig. 6.1-6.8 while the motor is running 

at a steady state speed of 200 rad./sec, the reference speed is changed_ from' 200 rad/sec to 
-200 rad/sec. In response to this change, the control structure is first activated and a large 
value of the speed, error saturates the output of the speed, controller. As a result, 
regenerative braking followed by reverse motoring takes place. Therefore, the controller 
first reduces the-`frequency of the stator currents demonstrating the regenerative braking 
followed by the phase reversal for reverse motoring. As the drive in the same dynamic 

state: just 'before -and "after -the reversal phenomenon, the steady state values of the inverter 

currents are observed to be same in either direction of rotation of the motor. However the 
phase sequence of these currents in two directions will be different. 
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6.3 Load Perturbation: 
When:the motor is running at steady state speed of 200 rad./sec., a load torque equal to 

the rated torque of the;motor is applied on its shaft. Sudden application of load causes an 
instantaneous; fall in the speed of the motor. In response to the drop in speed, the output 

of the speed controller responds by increasing the reference torque value (T*). 
Therefore, the -developed electromagnetic torque of the PMSM increases causing the 
motor ,.yspeed to .settle to the reference value with the increasing winding currents. An 
exception of a small .amount of steady state speed error persisting in FL speed controller 
is observed. 	 V 

When the motor Operating at steady state on load, suddenly the load is removed, a small 
overshoot in the speed of the motor is observed in case of PI, Hybrid and FPPI speed 
controllers respectively. Therefore the input to these speed controllers become negative 
causing a reduction in the output of the speed controllers ..A change in the developed 
torque is observed leading to the motor speed to fall down to the reference value. After 
the load removal the stator currents also -settle down to the steady state no load value. In 
this manner the -controller keeps the motor running at a constant speed under load 
variations. 	V 	 V 

6.4 Comparative study: among all the speed controllers: 
The simulated results -for the 3.5kw and 1.1kw VCPMSMD under different operating 

conditions namely starting, speed reversal and load perturbation using different speed 
controllersnamely:Proportional Integral ,(PI), Fuzzy, Hybrid and Fuzzy Pre-compensated 
PI (FPPI) respectively, are shown in figs .6.1-6.8. 

The following observations are made from these results. 



Table 6 1 Comparative performance of different speed controllers for 3.5 kw VCPMSMD 

j . Starting' Reversal Speed dip speed rise Steady state 
Time Time on full load on full load speed error 

Controller -: (msecs) application removal on full load 
(rad/sec) (rad/sec) (rad/sec) 

P1. 198.51 380.12 2.21 2.33 0 

FL 191.01 365.21  0 	. 0 1.5 

Hybrid 194.32 368.91 2.10  2.09 0 

F.PPI 188.50 366.52 0.61 0.58 0 

I 	 L5 	 2 	 2.6 

Fig.6.1 Starting, Speed reversal and load perturbation response of 3.5kw VCPMSMD 

System with PI speed controller 
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Fig.6.2 Starting, Speed reversal and load perturbation response of 3.5kw VCPMSMD 

System with FL speed controller 
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Fig 6.3. Starting, Speed reversal and load perturbation response of 3.5kw VCPMSMD 

-a'System with Hybrid speed controller 
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Fig.6.5. Starting,. Speed reversal and load perturbation response of 1.1 kw VCPMSMD 
System with PI speed controller 
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Fig-.6.6 Starting, Speed reversal and load perturbation response of 1.1kw VCPMSMD 
System with FL speed controller 
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Fig.6:7 Starting,. Speed reversal and load perturbation response of 1.1kw VCPMSMD 
System with Hybrid speed controller 
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.Fjg;4Start.ing,$p6ed reversal and load perturbation response of 1.1kw VCPMSMD 

System with FPPI speed controller 

Table 6.2Comparative performance of different speed controllers for 1.1kw VCPMSMD 

Speed, Starting Reversal Speed dip speed rise Steady state 
Time Time on full load on full load speed error 

Controller (msecs) (msecs) application removal on full load 
(radIsec) (rad/sec) (radIsec)  

P1 7.01 12.80 4.51 5.01 0 

12.20 0 0 4.10 

Hybrid 6.29 fl.9i 3.21- 3.01 0 

FPp1: 612. 11.80 3.11 2.12 0 
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When we use PI speed. controller small overshoots and under shoots are observed in the 
response of the VCPMSMD. When PI controller is replaced with FL controller, steady 
state error on load is :observed. In order to take the - advantages of PI. and FL controllers 
and to eliminate disadvantages of the individual controller, both the control techniques 
are combined together-as a hybrid speed controller. When the speed error is near to zero, 

the control is switched over to PI controller therefore eliminating disadvantage of steady 
state speed error : of FL speed controller. When drive speed is away from the reference 
value, - the control. is :-changed over to FL controller, which provides good dynamic 
response... Instead of solely depending on the speed error, 'if FL controller is applied to 

modify the reference. speed and the main control action uses PI speed controller then a 
drastic improvement is observed in the performance of the VCPMSMD system. Such• a 

speed controller is named as Fuzzy Logic Pre-compensated PI (FPPI) speed controller. It 

can be observed that . FPPI speed controller provides a high level of performance of 

VCPMSMD system during starting,, speed reversal and load perturbation for different 

motors. 

r - 

1 . 
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Fig. 6.9:shows estimated flux, speed and rotor position without sensors. Noise is coming 
in speed€'and-flux wave forms- when the machine is in dynamic state (when speed rising 
and-falling).The-noise-is eliminated when the machine is running in steady state. 

• (a) Reference speed, actual speed (rad./sec.) 	(b) Flux (d-axis, q-axis) in wb: 
(c):Derivative.of flux (d-axis, - q-axis) <` 	(d) Estimated speed (rad./sec.) 
(e)Actual - speed, estimated,  speed (rad./sec.) 	(f) Estimated position (rad.) 

Fig.6.9-lEstimated ,rbtor-position, speed and flux of the sensorless control of VCPMSM 
Drive 



Chapter 7 
Conclusion 

In this present work, performance of the Vector Controlled Permanent Magnet 
Synchronous Motor Drive (VCPMSMD) is carried out using different speed controllers 	Gb 

under -various operating conditions, in MATLAB environment using simulink Power 

System - Block set' -(PSB);  tool boxes. An algorithm 'for speed estimation has also been 

developed in order • to . eliminate the speed sensors in VCPMSMD for reducing the cost 

and improving the reliability. Sinusoidal pulse width modulation technique is 

implemented with I-8438 embedded controller. 
Mathematical model ,of the VCPMSMD has been developed in terms of parameters and 

physical variables of. the motor. The performance of VCPMSMD is studied during 

various operating conditions such as. starting, speed reversal and load' perturbation. The 

response of the VCPMSMD system has been simulated in MATLAB environment using 
simulink and PSB tool boxes. A comparative study of different speed controllers has been 

carried -,out. for the VCPMSMD system. The comprehensive study of different speed 

controllers for various.' operating conditions of VCPMSMD system has shown that the 

individual' speed controllers have their own merits and demerits. Depending on the 

application, a choice of a particular speed controller may be made. When the 

requirements are that of simplicity and ease of application the Proportional Integral (PI) 

controller is a good choice. For better dynamic response without disadvantages such as 

overshoot and undershoot, the Fuzzy Logic (FL) technique is opted for. The main 

disadvantage in this FL speed controller operation is the existence of the steady state 

error on load application. To eliminate such problems and to maintain the high level of 
performance, the combination of FL and PI is a better option. Such a combination is 

referred as the Hybrid. control.' To retain simplicity and ease of application and eliminate 

the' disadvantages -.such as overshoot and undershoot etc., the reference speed signal is 

pre-compensated. with. FL . controller. This pre-compensated speed signal is used as 

reference--speed. signal to the PI speed controller. Such a combination is known as Fuzzy 

Pre-compensated Proportional Integral. (FPPI) speed controller. Through simulations it 
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has been confirmed (as per table 6.1 and 6.2) that the choice of FPPI turns out the best 

among the four considered speed controllers. 

We sensed the speed in VCPMS,MD by using the speed sensor. The presence of such a 
speed . sensor causes several disadvantages such as system overall cost, hard ware 
complexity'',  and noise. The speed estimation technique for the elimination for the speed 
sensor is, based on motor currents and voltages in two of the three phases. On the basis of 
these sensed variables, the speed of the motor is estimated. It has also been confirmed 
that.the estimated motor speed agreed well with the actual motor speed. 

With respect , to " hardware, sinusoidal Pulse width Modulation technique is 

implemented with I-8438 embedded controller and the modulated pulses have been 

generated. Although there have been technical limitations in the I-8438 controller the 

PWM signals up to 300 Hz only could be generated. The operational limitations of I-

8438 resulted in non-implementation of the practical controllers and drive. 
The future scope is the experimental validation of simulated results by, developing a 

PMSM drive through a DSP based controller design and using PWM current controlled 

inverter employing constant frequency -triangular carrier of at least 5KHz, in order to 

obtain the required dynamic response of the drive system. 

the best performance indexes are: 

1. Zero steady state speed error. 

2. 'Least overshoots in speed on full load removed. 

3. Relatively very low speed dip on application of full load. 

4. Reversal time approaching the best possible in the case of Fuzzy Logic. 
5. FPPI controller gave the minimum starting time out of all the four controllers. 
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Appendix- A 

Specifications of simulated motor parameters 

1 	Permanent Magnet Synchronous Motor 1: 

• Power Rating 1.1 kw 
Rated Torque (Tr) 	• 3.5 N-m 
PhasE1Reistance (Rs) 2,875 92  

• Phase Iñductánce (Ls) 8.5 e-3 H 

Flux Induced by Magnets (A.) 0.175 Wb 

Moment of Inertia (J) 0.8 e-3 Kg-M2  

= 	Na. of Pole Pairs (P) 	• 	 • 4 

2. Permanent Magnet Synchronous Motor 2: 

Power Rating 3.5 kw. 

Rated,  Torque (Tr) 11 N-m 

Phase Resistance (Rs) 	• 0.2 Q 

Phase Ihductance (Ls) 8.5 e-3 H 

t1tthdtLcedby Magnets (A) 0.175 Wb 

Mönh±;ofIiwrtia(J) 0.089 Kg-m2  

Friction Constant (F) • 0.005 N-m-s 

• • 	 Nb of Pole Pairs (P) 4 

• •'• 	
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Appendix- B 

Specifications of controller parameters 

Permanent Magnet -Synchronous Motor 1: 

PI controller 	 : K p  = 0.55, K;  = 0.5 
Fuzzy.Controller._. 	: K, =0.004, K2 =0.001, K3 =150 
Hybrid_Controller 	: K p  = 0.55, K, '= 0.8, K, =0.004, K2 =0.001, K3 =150 
FPPI Controller 	: K p= 0.55, K;  = 0.5, K, =.0.004, K2 =0.001, K3=150 

Permanent Magnet Synchronous Motor 2: 

PI controller 	 : K p  = 3.2, K;  = 0.022 
Fuzzy Controller 	: K, =0.003, K2 0.00001, K3 1500 
Hybrid Controller x ' .. 	: K p  = 2.3, K;  = 0.025, Kl  =0.003, K2=0.00001, K3  =1500 

K, = 0.025;  Kl  =0.003, K2=0.00001, K3 =1500 
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Appendix- C 

Hardware Specifications for I-8438/8838 

General environment: 
0  0 

Operating~temperature: -25 C to +75 C 
0  0 

Storage. temperature: -30 C to +85 C 
Humidity:.:5' 95%... .. 
Built-in power protection & network protection circuit 

System: 
CPU: RDC, 80MHz, or. compatible 
SRAM: 512K bytes 
FLASH ROM: 512K bytes 

COM.ports-for theI=8438`&'8838: 
COM1=RS-232, COM3=RS232/RS485, COM4=RS-232 
Ethernet: 10 BaseT 

RTC, .NVRAM &. EEPROM 
Program downloads from COM1 & Ethernet 
Built-in 64-bit hardware unique serial number 
Built-in Watchdog Timer 
UO Expansion Slot 

4-slot.for I-8438 
:.8-slot.for.:I=8838  ' 
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Appendix- D 

Hardware Connection of I-8438/8838 

12 

41OVMC  

,t1£M 
~t( m4 

Qom. YJ4f1coM_ 

1. Connect the network cable to the RJ-45 connector and a hub. 
2. Apply power (+Vs, GND) to I-8438/8838.. The DC power can be the value from 

+IOV to +30V. 	 . 
3. Check the 5 digits of the 7-segment LED. If the firmware is running, . the IP 

address of the-I-8438/8838 will be, displayed. 
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