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Abstract: This paper presents SVPWM technique for 2-level inverter used to control PMSM. Mathematical model of PMSM is
done in abc frame and a — B frame. Various controllers can be used to control PMSM to analyze the performance of PMSM. In
this paper conventional controllers such as PI, PID are used and performance characteristics of PMSM is obtained. SVPWM
technique is applied to control the output of 2 level inverter which is to be applied to PMSM drive.
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L. INTRODUCTION

Permanent magnet synchronous motors are widely used in high performance drives such as industrial robots and machine tools. In
recent years, the magnetic and thermal capabilities of the Permanent Magnet Synchronous Motors have been considerably increased
by employing the high-coercive permanent magnet material. The speed control of synchronous motor depends upon two factors viz
number of poles, P and supply frequency, f. as in case of shipping propulsion, the speed of the motor can be changed by changing
the speed of the alternator — the speed of the motor changes exactly in the same proportion as that of the alternator supplying power
to it. It is to be noted here that the voltage and frequency are directly proportional to the speed at which alternator is driven.The
effective way of producing the variable speed Permanent Magnet Synchronous Motor drive is to supply the motor with variable
voltage and variable frequency or constant V/f supply variable frequency is required because the rotor speed is directly
proportional to the stator supply frequency. A variable voltage is required because the motor impedance is reduced at lower
frequencies and consequently the current has to be limited by means of reducing the supply voltage. Unlike a DC motors, Permanent
magnet synchronous motors (PMSM) are very popular in a wide range of applications. The PMSM does not have a Commutator,
which makes it more reliable than a DC motor. The PMSM also has advantages when compared to an AC induction motor. The
PMSM generates the rotor magnetic flux with rotor magnets, achieving higher efficiency. Therefore, the PMSM is used in
applications that require high reliability and efficiency.

Il.  PMSM Drive Construction
In an electric motor the moving part is the rotor which turns the shaft to deliver the mechanical power. The rotor usually has
conductors laid into it which carry currents that interact with the magnetic field of the stator to generate the forces that turn the shaft.
However, some rotors carry permanent magnets, and the stator holds the conductors.

Quadrature (q)
magnetic axis

Direct (d)
magnetic axis

Figl Motor Construction with a Single Pole-Pair on the Rotor

The Permanent magnet motors have permanent magnets embedded in the steel rotor to create a constant magnetic field. At
synchronous speed these poles lock to the rotating magnetic field. They are not self-starting. Because of the constant magnetic field
in the rotor these cannot use induction windings for starting, and must have electronically controlled variable frequency stator drive.
Figl shows the motor construction with a single pole-pair on the rotor. The rotor magnetic field due to the permanent magnet(s)
creates a sinusoidal rate of change of flux with rotor angle. For the axes convention in the preceding Fig.1, the a-phase and
permanent magnet fluxes are aligned when rotor angle 6,.is zero. When there is a large number of coils , instead of the mmf wave
being stepped, a smooth traction may be assumed, and the mmf diagram becomes triangular. If the conductors only occupy a portion
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of the armature surface, the mmf wave will be trapezoidal. Such mmf wave is found with the rotor winding of a smooth rotor
alternator.

A. Control Aspectsof PMSM Drives

Historically several controllers have been developed for the control of PMSM drives such as

1) Scalar Control: Despite the fact that “Voltage-Frequency” (V/f) is simplest controller, it is the most widespread method,
being in the majority of the industrial applications. It is known as a scalar control and acts by imposing a constant relation
between voltage and frequency. The structure is simple and it is normally used without feedback. However, this controller does
not achieve a good accuracy in both speed and torque responses, mainly due to the fact that the stator flux and torque are
inherently coupled and cannot be controlled independently.

2) Vector Control: In these types of controller, there are control loop for controlling both the torque and flux. The most
widespread controllers of this type are the ones that use vector transform such as PARK. The main disadvantages are the huge
computational capability required and the compulsory good identification of the motor parameters.

3) Direct Torque Control: This method has emerged over the last one and half decade to becomes one possible alternative to the
well-known vector control of PMSM. Its main characteristic is good performance, obtaining results as good as classical vector
control with several advantages based on its simpler structure and control diagrams. However, DTC suffers with variable
switching frequency and flux, torque ripples

1. MATHEMATICAL MODELLING OF PMSM
In a motor with more than one pair of magnetic poles the electric angle differ the mechanical. Their relationship is

6, = gam
The voltage V, over each stator winding is the sum of the resistive voltage drop and the voltage induced from the time varying
flux linkages, dy /dt.
. d
R 8
. d
Vo = b + iy,
d

=l TRy,

The stator windings are wound with the same number of turns so the resistance is equal in all three windings,
Ty =T, =1, =71
In matrix form these voltage equations (3.2) to (3.4) becomes
d

Vipe = Tl + —
abc stabc dt l//abc

Ollip|+ —
r.1Li, dt| l//b
V.

Flux linkages in a linear magnetic circuit is the product of inductance and current, the motor model was assumed linear, which is a
fairly accurate approximation if saturation does not occur, hence

1]
—
o
o

o
o

= Lgigpe +
l//abc Laas afzb Ll'tlz{
Ly = [Lba Lpp LbcT
Lca ch Lcc
The diagonal elements in the inductance matrix L are self inductances and the off diagonal elements are mutual inductances. The
matrix is symmetric because the flux coupling between two windings is equal in both directions. A current in stator windings gives
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rise to a leakage flux and a magnetizing flux. The magnetizing flux is confined to the air-gap and give rise to the rotating MMF
wave. Leakage flux is assumed to only affect its own winding. In a magnetically linear circuit flowing in the winding with all
currents set to zero.Let the self inductance be L,, = L, + L,, where L, isthe leakage inductances .

The minimum value of L, occursat 8, =0, m, 2m - and maximum values at 8, = w/2 , 3n/2 ,51/2
Assume L, (8,) varies sinusoidally, then L,, = L,; + L — L, co0s(20,)

Lbb = LlS + L - LA COS(ZBT + 2”/3)
L
—5~ L,cos(20, + 2m/3)

L 2
L., = L +L—Lycos(20, —2n/3) Ly, = —5~ L, cos (29T -3
L, =—-—1Lycos|26, + %) &L, = —é— L, cos(26,)

L
L, + L — L,cos(26,) - E_LA cos(26, — 2m/3)

2
L+ L—L,cos(26, + 2m/3)

Laqa(6;) —Lycos(26, — 2n/3) L, + L —L,cos(26, + 2m/3) L, cos(26,)

l//I'T]

— Lycos(20, + 2m/3)
[ sin(6,.)

lsin(ar—
i

F |
T |

Nlb‘l\)lh

L
—5~ L, cos(26,)

v,

A. Transformation to qdo Frame

Now there is a set of equations which describe the motor. These equations though depend on rotor position and make the equation
system quite involved to solve. If the variables are transformed into reference frame attached to the rotor, reluctance which in the
ABC frame depends on rotor position will be constant. The transformation used is called the park transform

Let K, be the park transform matrix then

Sq Sa
[Sd = K|S
SO SC
cos(9) sin(@) 1

K, = 2/3|cos(8, —2rn/3) sin(0,—2r/3) 1
cos(0, +2m/3) sin(0,+2m/3) 1
K" = (KA)™ = K147t
‘A ‘ = cos(a —%")sin (9 +2?") — sin (9 — 2?") cos(a +2?") - {cosasin (9 +2?") -

{cosa sin (9 — 2?") —siné@cos (9 — 2?")}

siné cos (9 +2?")} +

. (9+2n 9+2n)+_ (9 P 2n)+_(9 2 9)
= sin 3 3 sin 3 sin 3

= sin(‘%ﬂ) + sin(— 2?”) +sin(— 2?”)
V3 V3 V3
2 2 2
cos(9) cos(8,—2m/3) cos(h, + 2m/3)
K.~ = 2/3|sin(8) sin(6, — 2r/3) sin(B, + 2m/3) | (3.23)
1/2 1/2 1/2

In K, there is a factor of 2/3 in front of the matrix. This factor can be understood by discussion about mmf wave. For a balanced
set, of say voltages the resultant voltage vector has amplitude 3/2 times that of the individual amplitude. The factor 2/3 makes the
amplitude of quantities expressed in the qdo reference frame correspond to that of each individual phase in the stator abc frame. The
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last row in K, is the zero sequence. Another feature that may be noted with the above definition of the park transform, it is not
power invariant. This is because |K; ‘;t 1.

quo - (quo ) quo) = leqlq + Wzvdld + W3volo

— T : — . T
Pabc = Vabce labe = Vabclabe

r 3/2 0 0
Pabc = vabcTiabc = (Ks_lquo) Ks_liqdo = quo TKS_TKs_liqdo = quoT

0 3/2 0 l lqdo
0 0 3/2
= 3/2(v4iq + vVaia +2Vols) = Pyao
o = 3/2 (vqiq + vaiq + 2 v,i,)
We are now going to transform wv,,,. , first to an arbitrary qdo reference frame and then let this transformation be attached to the
rotor. Express v, in qdo variables

d
Vape = Tslape + al//abc

= 1K, tigae + iK -t
shis qdo dt s quo
—1. d — . .
Vgdo = KsTsK; 1qu0 + EKS 1(// | The resistance does not change when transformed since
qao

-1 _ -1 _ —
KrK, ™ = KK, =lx*r, =1

d({ _, _(d . d
KSE<KS quo) - Ks (EKS(HT)) quo + Ks E quo (HT ’97,.)

10
K (HT) 2. Ks(6r) = 0 0
00
[ 1
d{ _, I V. I d
J— = “+ —
Ks dt Ks quo wT[ l// J dt quo
q
0
Voltage equation in the arbitrary frame
[w |
. | l//d | d
Vgdo = Tslqdo F (‘)Tll W Jl taV qdo
q
0
Now let us express flux in component form
First expand ¥,
l//abc = Lsiabc += LsKs_liqdo + l//m
l//qdoz KsLsKs_liqdo + szm
KoL (6K, =
Ly + 3/2(L — Lycos(26; — 26,.)) —3/2L,sin(26; —26,) 0
—3/2L,sin(26, — 26,) L + 3/2(L—Lycos(26, —26,)) 0
0 0 Ly

—sin(6r — 6,)

KS(HT)wm(Hr) = Wy [ COS(HT - 97’) l
0
Lg = 3/2(L — Ly)
Lo, = 3/2(L + L)
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La+ly La-L Lg—L
I[ d ) d ~—2cos(20; - 26,) ——4_sin(26, — 26,) 0]| i
— | La—Lq Ly+L, Ly—L i
'7” qdo —4_94in(20, — 26,) 4 eos(26,-26,) O ||/
2 2 2 o
0 —sin(6, —6,) 0 Lis
+ Wy, | cos(8r - 6,)
0

Where Ly = Ly +Lpgand Ly = Lig + Ly, . 07 is the angle which rotates the transformed reference frame and 6,. the rotor
position in electrical radians. This is the flux expressed in the arbitrary reference frame.If the reference frame rotates in synchronism
with the rotor and both angles have the same initial conditions then, and total flux in the rotor reference becomes

r q
=10 Ld
quo 0 0 Lls

Stator voltage expressed in the rotor qdo frame then is

v |
| l//d | d r
j— . T
Vgdo' = Tslgdo + wmll /4 Jl N al//qdo
q
0
vy" = (r, + qu)iqT + wLgiy" + w Ly

— T
vdr - (rs + pLd)Ld erqu

vor = (rs + les)Lo

Where p = d/dt
. _ dW, _ Paw,
Te = de,, E(d@r)
Pl . d o d
= 2 (2 Labc d9 ——L Labc + lapc d_g,,l//m)
By substituting various variables, we have
P /9 —-sin(26; — 260,) —cos(26; —26,) O cos(6; — 6,)
T, = E(ZLAiqdoT) [ cos(20, —26,)  sin(26, — 26,) ol lgao + S Y iqdo’ W [sin(HT - Hr)l
0 0 0] 0

313(1//d _— )

g Laig + T, = gg((l—d - Lq)iqridr Ty iqr)
In the above equation the first term is due to reluctance variations and disappears in a salient free machine. The second term is due
to the permanent flux. These equations describe the electro mechanical behavior of the machine in the gdo reference frame. From
above equations , can be rewritten as follows

v,= ( Wy - )

IV. TWO LEVEL SVPWM INVERTER
In three phase two level inverter, each arm contains of two IGBT’S and two anti parallel diodes. Each IGBT’S simply considered as
switches. Each pole in a two level inverter can assume two values namely 0 &Vdc. S1 to S6 are the six power switches that shape
the output, which are controlled by the switching variable a, a’, b, b’, ¢ and ¢’. When an upper transistor is switched on, i.e., when g,
b or c is 1, the corresponding lower transistor is switched on, i.e., the corresponding a’, b’ or ¢’ is zero .Therefore, the on and off
states of the transistors can be used to determine the output voltage. In this PWM technique180° conduction is used for generating
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the gating signals. If two switches: one upper and one lower switch conduct at the same time such that the output voltage is + Vs.
the switch state is 1. If these two switches are off at the same time, the switch state is 0. (S1, S4), (S3, S6), (S5, S2) are switch
pairs. These are shifted each other by 180° . For example Siconducts at 0°, S4 conducts at 180°. Upper switches S1, S3, S5 are
displaced by 120°. That is S1conducts at 0°, S3 conducts at 120° and S5 conducts at 240°. Similarly lower switches S4, S2, S6 are
displaced by 120°. That is S4conducts at 0°, S2 conducts at 120° and S6conducts at 240°. In any phase leg of inverter switches
cannot turn on simultaneously, that would result short circuit across the dc link voltage. To avoid this switches are turned on
complementally. Similarly, in order to avoid undefined states in the VSI, and thus undefined ac output line voltages, the switches of
any leg of the inverter cannot be switched off simultaneously as this will result in voltages that will depend upon the respective line
current polarity. Of the eight valid states, two of them produce zero ac line voltages. In this case, the ac line currents freewheel
through either the upper or lower components. The remaining states produce non-zero ac output voltages.

1) No of switching states & selection of switching states.

2) No of space vectors.

3) Determination of location of space vectors.

4) Sector identification.

5) Calculation of active vectors switching time periods.

6) Generation of gating signals for the individual power devices.

7) Determination of switching sequence for the individual sectors.
1

CTL ""TTL L LT L
B & —3 b
— [ — — —
o oL oL [ ol [
S0=000 Si=100 S2=110 S3=010
1 L 1 T\ I\ 1 T\ 1
a a a
—D*E:) 9 p PP— ? — g
0 f |/ (L I/ o0 _r r (4] .[ I f
Sa=011 Ss=0m So=101 37=111

Figure: 2 Switching states of two level inverter

STATE ON OFF

0 54,56,52 | S1,S3,S5
1 S1,52,56 | S4,S5,S3
2 S2,53,S1 | S5,56,54
3 S3,54,52 | S6,51,S5
4 54,55,S3 | S1,52,S56
5 S5,56,54 | S2,S3,S1
6 S6,51,S5 | S3,54,52
7 S1,53,S5 | S4,56,S52

Tablel. Functioning of switches

A. Space Vector Diagram Of Two-Level Inverter

Space vector diagram is divided into six sectors. The duration of each sector is 600. V1, V2, V3, V4, V5, V6 are active voltage
vectors and VO & V7 are zero voltage vectors. Zero vectors are placed at origin. The lengths of vectors V1 to V6 are unity and
lengths of VO and V7 are zero.
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e
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[
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Figure.3. Space vector diagram of two level inverter

The space vector Vs constituted by the pole voltage Vao, Vbo, and Vco is defined as [4]

Vs=Vao+ Vboej(2n/3)+ Vcoej (4 II/3)

Vao=Van + Vno, Vbo=Vbn + Vno and Vco=Vcn+ Vno

Van+Vbn+Vcen=0 & Vno= (Vao+Vbo+Vco) /3

Vab = Vao - Vbo, Vbc = Vbo - Vco, Vca = Vco - Vao

FOR example voltage vector V1 that is 100

Vao=Vdc, Vbo=0and Vco=0, then Vn= (Vdc+0+0)/3=Vdc/3)

Van=Vao-Vno = (2/3) Vdc, Vbn=Vbo-Vno= (-1/3) Vdc & Vcn=Vco-Vno= (-1/3) Vdc

Vab=Vao-Vbo=Vdc , Vbc=Vho-Vco=0 & Vca=Vco-Vao=-Vdc
Va=2/3(Va-12Vh-12Ve) & VP=1N3Vb-1~3VC

Voltage | Switching Vectors Line to neutral voltage | Line to line voltage

Vectors Va | Vo | Vo | Voo | Ve | V.

a

Vs 0 0| o

v 213 A3 A

Y

!
13 13 213
I

Yy

Vs 113 -113 23

Vg 13 |28 | 18

a b c
0 0 0 0 0 0
1 0 0 1 0 1
1 1 0 0 1 1
v, 0 1 0 113 23 | A -1 1 0
0 1 1 -2/3 13 13 -1 0 1
0 0 1 0 -1 1
1 0 1 1 -1 0
1 1 1 0 0 0

0 0 0

Vs

(Note that respective voltage should be multiplied by V)
Table.2.switching vectors, phase voltages and output line to line voltages

B. Calculation Of Active Vector Switching time Periods
In a two level inverter, on time calculation is based on the location of reference vector with in a sector.In one sampling interval, the
output voltage vector V can be written as

V=TO/TS * VO +T1/TS* V1 +----TUTS *V7

or example for Sector 1

V=TO/TS*VO+TLUTS*V1+T2/TS*V2+T7/TS*V7 (1)

Lengths of vectors VO & V7 are zero.
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Figure 4.Reference vector as a combination of adjacent vectors at sector 1

Along the o axis

V =V refcosa

V1=V dccos0 & V2=V dccos 60

Along the B axis

V=Vrefsina

V1=V dccos 90 & V2=V dc cos (90-60) =V dc sin 60

Vref cos o=V dc x*T1/Ts + (V dc cos 60) *T2/ TS -

Vrefsina=(Vdcsin60) x T2/ TS

T1 = (2/N3) (Ts/ Vdc) V ref sin (I1/3- o)

T2= (2/N3) (Ts/ Vdc) V ref sina

V. CONTROLLING PART
The design of the speed-controller is important from the point of view of imparting desired transient and steady-state characteristics
to the speed-controlled PMSM drive system. A proportional-plus-integral controller is sufficient for many industrial applications;
hence, it is considered in this section. Selection of the gain and time constants of such a controller by using the symmetric-optimum
principle is straightforward if the d axis stator current is assumed to be zero.

| Aag
K(1+sT.) Lo
Gss) =——g—— €a
s Inverter
s i T,
w; Kin |Y® 1 L g L | b 5
1+sT;, R +sL, By +sl
G, (s) Gyls) Guls)
{n |-
H,
1+5T,,
Tach + Filter
G,(s)

Figure:5 Block Diagram of the speed controlled PMSM Drive

In the presence of a d axis stator current, the d and q current channels are cross-coupled, and the model is nonlinear, as a result of
the torque term. Under the assumption that i,," = O, the system becomes linear and resembles that of a separately-excited dc motor
with constant excitation. From then on, the block-diagram derivation, current-loop approximation, speed-loop approximation, and
derivation of the speed-controller by using symmetric optimum are identical to those for a de or vector-controlled induction-motor-
drive speed-controller design.

A. Proportional Controller

The proportional term makes a change to the output that is proportional to the current error value. The proportional response can be
adjusted by multiplying the error by a constantk,,, called the proportional gain. The transfer function of a proportional controller is
simply a gain sayK,,. If the input of the controller is e(t) then the output is u(t) = K,e(t) or in a Laplace transform domain
U(s) =KpE(s). As Kp increases the unit-step response may becomes faster and eventually the feedback system may becomes
unstable. For the same unit-step reference input the steady-state plant outputs are different for different Kp.

B. Proportional Action

Proportional action provides an instantaneous response to the control error. This is useful for improving the response of a stable
system but cannot control an unstable system with a nonzero steady-state error. By using this controller rise time increases and also
steady state error decreases. And peak overshoots increases. This will be done only by proper selection of K value.

C. Integral Controller
In this controller the output u(t) is altered at a rate proportional to the error signal e(t). The output u(t) depends upon the integral of the
error signal e(t).
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Mathematically
du(t) _
ac

KE(s)
s

F® =(+ % E(s) kfs G(s) » Output

H(s)

K.e(t) Or u(t) = K[ e(t)dt Or U(s)=

Figure:6 Block Diagram of Integral controller

D. Proportional Plus Integral Control

Integral control action itself is not sufficient, as it introduces hunting in the system. Therefore a combination of Proportional and
integral control action is introduced to improve the system performance. In this type of system, the actuating signal consists of
proportional error signal added with the integral of the error signal.

u(t) =e(t)=K fot e(t)dt = integral of error signal  Or U(S) = E(s) [1+§]

Time response

0.04417852444 17768:5411044.34
19695948 943080740 017575248 417484712874

Step

PI Controller Transfer Fen

Figure:7 Block diagram of PMSM drive using PI controller

E. PID controller

controller plant

C(s) P(s)

Y

Figure:8 Block Diagram of Controller and Plant

The output of a PID controller, equal to the control input to the plant, in the time-domain is as follows:u(t) = K,e(t) +
de

K; [e(t)dt + K,

The new output (y) is then fed back and compared to the reference to find the new error signal(e). The transfer function of a PID

. . K; Kgs? +Kps + K;
controller is found by taking the Laplace transform K, + ?‘ + K;s = %
Error
Set Point /T J' +7 b Output
Process Variable I | P a
| ot

Figure:9 Block diagram of a basic PID controller
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VI. SIMULINK MODEL OFSVPWM-PMSM

[Fa] prosmwithspuim_edited b [Ba]inverter b

Figure: 11SVPWM MODEL.:

VIL.SIMULINK RESULTS

‘ |

J\ ‘J“\
/ '\,.,f

\’ r‘ ‘ \j yf f \' hb h
'/ wrrv “W “uw“’ VIV

o2 T
o1 \\\
n \‘} ]W;W
01 |/
L VI o
=
~
l e

Figure:13 THD of labc
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Figure:15 THD of Idq
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Bt e meoin s e DI |
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Figure:17 THD of speed
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Figure:18PMSM torque
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VII1.CONCLUSION
In this paper, the performance of PMSM which is controlled by a 2-level inverter using SVPWM technique is studied. Mathematical
modelling of PMSM is observed. The control action of Pl, PID controllers and their usage in controlling a PMSM is determined.
The harmonics in a SVPWM-PMSM drive are observed using Matlab software. Total Harmonic Distortion is calculated and
concluded that SVPWM technique when employed reduces the harmonic distortion. This paper work provides successful
implementation of SVPWM technique used to control a PMSM drive.
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