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A Simplified Design of Space Vector
Modulation for Speed and Torque Control of
Induction Motor

Muluneh L. Woldesemayat, K. D. Badgujar, Won Sangcl

Abstract —This paper proposes a simplified Space Wect
Modulation technique which is used to control an iester that
supplies voltage to an induction motor. A simplifiedynamic
model of an induction motor model was also desigraed voltage
is supplied to it using SVM technique. A step by stgsign
procedure with the help of matlab and Simulink madée
complexity of the system simpler than existing mizd& his paper
briefly explains design of space vector modulatitathnique and
induction motor modeling. With the help of appropte
interfacing the design method will be used in inddat
applications where the space vector modulation teicfue is used
to achieve smooth control of speed and torque. Fipabn-line
starting of the designed Induction Motor model wabsnsilated.
Moreover comparison of existing and the simplifiéM-based
direct torque control method was simulated and rdsulvere
shown.

Index Terms — Decoupling, Dynamic Model, Referenframe,
Squirrel-cage.

NOMENCLATURE
Symbol  Description Unit
ds,a Direct axis.
B Friction Coefficient Nm-s
DTC Direct torque control

idr Direct-axis rotor current. A
ids Direct-axis stator current. A
lgr Quadrature-axis rotor current. A
igs Quadrature-axis stator current. A
ix Stator current (x=a,b, or c) A
iq Alpha-component of Stationary current A
ip Beta-component of Stationary current A
J Moment of inertia. kqn®
k Position of sector in SVM
i Flux linkage (i=g or d and j=s orr). Wh
Lir Rotor Leakage inductance H
Lis Stator leakage inductance
Lm Mutual inductance
Ly Rotor self-inductance
Ls Stator Self-inductance H
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p Pair of poles

Poles of induction motor

PI Proportional and integral

PWM Pulsed width modulation
r Rotor variable.
Ry Rotor resistance. Q
Rs Stator resistance. Q
S Stator Variable.

SVM Space Vector Modulation

SVM-DTC  Space-vector-modulation-based Direct tergantrol

To Time duration for applying ¥or V7 in SVM s

Te Electrical output torque. N

Tk Time duration for applying ¥in SVM S

TL Load torque. N'm

Ts Switching period of SVM, Sampling Time S
T, Half the switching period S

Var Direct-axis rotor voltage. \%
Vds Direct-axis stator voltage. \%

Vi Leg voltage of inverter \%

Vgr Quadrature-axis rotor voltage. \%
Vgs Quadrature-axis stator voltage. \
Vs Phase voltage (x=a,b, or c¢) \
Vo Alpha-component of Stationary Voltage \%
Vg Beta-component of Stationary Voltage \%
Wi Motor angular electrical base frequency. rad/s
We Stator angular electrical frequency. rad/s
Wy Rotor angular electrical speed. rad/s
B,0s Quadrature axis.

0 Sector angle rad

0O Flux angle rad

I. INTRODUCTION

Induction motors are used to generate the torqueined in
many industries and motion control applications.heT
squirrel-cage induction motor has been widely usesuch
applications due to its ruggedness, low maintenanseand
high power rating [1]. However, the induction motor
principally works on the basis of electromagnetiduiction,
and this reliance makes the design of speed argleor
controller more complex than for dc motors [2]. Tiéfere,
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response, but in these models the effect of sa&uarathich
affects the overall performance of speed and toripue
negligible and cannot be used for transient regpanslysis.
Therefore to incorporate analysis and design ahduoction
motor considering saturation effect and transieghamic
modelling of induction motor is required [5]- [8faving the
dynamic model the next step is to select a suitedniérolling

technique so that speed and torque can be couwtroll

regardless of the changes in the system, incluttangsient
conditions.

Effective control systems in motion control apptioas are
the main components of systems to achieve a residh is
smooth and relatively insensitive to disturbance anise.
Hence, several controller designs have been usespfed
and torque control of induction motors. Direct ta@gcontrol
(DTC) is the simplest method but with torque andremnt
ripple. The space vector modulation-based directju®
control (SVM-DTC) [9] minimizes torque ripple by
estimating a reference stator voltage, then usixiyl So
modulate it. This method creates pulse-width-magdla
signals (PWMs) with constant switching frequenche3e
signals are used to drive the gates of the powenrter that
supplies voltage to an induction motor.

This paper proposes a simplified Model of Spacetdfec
Modulation (SVM) and Induction Motor Modelling. The
SVM technique was used in simulation of online intaof
induction motor model and for analysis of Spacetarec
modulation-based direct torque control (SVM-DTC).

II. MATERIALS AND METHODS

These section is comprised of three parts; firSiraplified
SVM design will be discussed. Next, the Inductionton
Model and the SVM_DTC method will be investigated.

A. Space Vector Modulation Design

SVM is a technique to get pulse width modulatechalig
(PWMs) that trigger the switches of a voltage seunverter
(Fig. 1). This method gives PWMs with constant shiitg
frequency, and provide better voltage utilizatiohart
sinusoidal modulation technique. Hence it is prgéz to the
sinusoidal modulation technique [10], [11]. Theref, in this
paper we used [10]-[12] to design a simplified Swidthod.
The first step was to have a reference voltagetwtan be
positioned in one of six sectors (Fig. 2). The algnput that
is used to reconstruct reference voltage usualigioéd from
a specific control block used in a given systemthia paper
we assumed that a three-phase voltage sourceuerted to a
two- phase equivalent [2], [10] by the followinguadions:

1 11 Vas
{VGJ _ 2 2 2 Vb
=— s

V, 3 '

then an angle that can be used to select partiseleor in
SVM is calculated as

6=tan™ (Ej :
Va

so that leg voltage of the inverter is selectedetlasn the
sector obtained (Table I).
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Fig. 1. Inverter and Induction Motor. Components ard
processes are described in the text.
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Fig. 2. Space Vectors on d-q frame [11]

Table |
Sector selection and Voltage Vectors

Angle ©) Sector Voltage Vectors (Fig. 2)
0<0<6( 1 Vi and \b
60<0<120 2 Vzand \,
120<6<180 3 Vs and \,
-180§E)<-120 4 Ve and Vi
-120<6<-60° 5 Vs and \
-60<0<0° 6 Vs and 4

The next step is to determine the duration for Whiee leg
voltage vectors are applied and obtained from J9]H

Taking a given sector and volt balance,

VsTz=V«Tk+V +1)T «+1)+V ol 0. (3)

resolving equation (3) inta;énd gaxesyields a generalized
form (Eq. 4, 5) :

sink—ﬂ —CosliT
(Tk jzﬁﬁ 3 3 (V] @
Tk+1 2 Vu _Sin(k—l)ﬂ COS(k—1)7T \'
3
and
To=Ts-T1-T 2.
Published By:

Blue Eyes Intelligence Engineering
& Sciences Publication Pvt. Ltd.




International Journal of Soft Computing and Engineeing (IJSCE)
ISSN: 2231-2307, Volume-5, Issue-2, May 2015

Therefore, space vectors were obtained from Egaii8)the i i
assumption of minimal number of commutations perley
[10] as:

Tk

:(Vk V(k +1) Vo) T+ (6)
To
2

v vy

Then comparing with the triangular carrier sigried Space
Vector Pulsed wave signals (SVPWMs) were obtained.

Finally, the SVPWM signals were used to synthetiee
phase voltages and line voltages, Eq. (7, 8) [11].

(®)

_ Ve

Vas = 3 (28-%-5) Fig. 4. (a) d-axis equivalent circuit (b) g-axis egjvalent
. , 7 circuit of the Induction Motor [5].
vbszvé’ (2 - S - S) @)
Ve (e _ o g Ads| (AR w BR 0 \As| |ws
Ves = - -
3 ( ) d Aqs -w -AR 0 BR Aqs + Vs (9)
and d[A| |[BR 0 -AR (ww)|k||0
P Ao 0 BR —(C()—Cd) -AR )| Ay 0
—valpha
angle— & i Discrete, [
Vlghat Lol | oo R [ M| (AR @  BR 0 Y As| [vs
R angle tTeta  Se seoﬂ:: ‘ v; - timet | ] sbf:nvhnf"b“ E /]$ - @ _N% 0 m A$ + Ves . (10)
source sector fcn,,n :n o T' . ‘rsn e | Ao BR 0 -AR (C(.@_C()) Ao 0
L o P e ] L0 BR —(@w-w) -AR J A |O
vqu1\ | lro ) SVPWM -
5 . wo o T { The flux linkage in matrix form can be written as
Ts_sampling ‘ ﬂ* TrianguI;rwave — L PWM
Mudula;iongTdex T E ACS I_S O Lm O |CB
Fig. 3. Block diagram of proposed Space Vector e = 0 L 0 Ln qu (1)
Modulation Model and Induction Motor Model Aa O L Ofia
A O Lm O LJji
Vab = Vas - Vbs 4 ¢
Vbe = Vbs - Ves ®) The currents in matrix form can be written as:
Vca = Ves - Vas i A 0 -B 0\ /s
Equations (1)-(8) were used to design a simpli@mhce |'® — 0 A 0 Bl , (12)
vector Modulation (Fig. 3) and the phase voltages. (7) i« B 0 A O|A«
were supplied to an Induction Motor Model which is i 0 -B 0 Al
explained in the next section. g al
B. Induction Motor Dynamic Model
The d-q equivalent model of an induction motor (FEy[5], Le= Lo+ L
[11] is used in this paper. The dynamic equatioa suirrel s— =m s, (13)
cage induction motor in a generalized frame (Eds 8%ed. In
this paper synchronous rotating frame (Eq. 10) wesd. | s = L m + L s , (14)
From equation (11), equation (12) was used to maldel
currents. Supply voltage to the dynamic equivatécuit was L,
given after coordinate transformation (Eq. 17).gter and A = —_— (15)
speed were modeled using Eq. (17) and Eq. (18). Lils-Lm
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L _ 2 2
B = ﬁ 16) As=+J(Aas)? + (Aas)?, 24
r S — m
. f.=tan™ ( A qs) , (25)
Vds| [ cos@) sin@)|(Va ds
Vas) | -sin(@) cos@)\Vg) (17) o _
and the torque is estimated using eq. (18)
T.= 3(p Nesrice - Aaer | Utilizing SVM-DTC reduces torque ripple and was dise
€~ E 5 ( ds*lgs - Ags 'ds) ' 8) this paper to compare the speed and torque respafse
q existing and simplified SVM-DTC (Figs. 6, 7).
2J w
Te-TL-Bwr = (?jd—tr . (19)
sPeed CL’—'L Discrete,
reference rispeed_ref* valphal -Valpha Clock  fime Ts=Tss.
[F— .
] A pa
Fiter GRS | T spesdm weta Vot
@ Vin1 van : vd  we . Speed of |
- +In2 Motor DTC control SVM
@ »Vin2 vbn -In3 vQ PI_based
& NVin3ven Coordinate ~ Bhids > wu | T Induction
transformation e - i G 10 ) e, machine .
F_phigs ; J B Ve =T (R;laa’:sz;;(w %
- e 2y @“ 1
LT e
Load F_phidr Three-phase -‘v_cm e . <:‘
torque o | Inverter Gotos
- F_phigr | -
Load :VE> e Y Fig. 6. Matlab/Simulink DTC Model
Fig. 5. Detailed Model of Induction Motor Il RESULTS

To investigate the overall response of space vector
Then, three-phase currents were converted back ftgm modulation model Fig. 3, the parameters of the mfable

equivalent (Eq. 12) using transformation eq. (ZD)( 1), Eq. 6 and Table | were used and space ve¢figs 8a)
and sector selection (Fig. 8b) were simulated. Tlspace
. i . vectors and a triangular wave signal of 20 kHz ve@raulated
la | _[cos@) -sin@ )| lds Fig. 9). Then SVPWM signals with 16 dead-
. . 20) ™9 9
W sin(@) cos@ ))\lgs) "’
- —af}
speed_ref* o m.«‘ 5 W Flux table
1 0 ;JJE %’L *Q—‘w 1\@‘@_1E_@7JF|UX_G vg—
ia 7 @, munz) ke o
: 1 3 ia speed_m den(z) —K |
!b = _E —7 (iﬂ] . (21) Low pass filter ‘sz *’T“’q”‘!_‘-‘ vd |5 valphaﬁha
le 1 \/§ jab LAB Tomue Pl é
I yY : fen
2 2 iab Flux———— N otk
@ﬂvﬁhc angle————— ~§— %’7 vbela—»(b‘_:}
v T o Fh - ) vbeta
Finally, using Eq. (8-20) a Matlab function codeswesed to Tm;::":t:::m H}sm g
model the induction motor (Fig. 5). ‘Stmgm T - dawaken

C. Space Vector Modulation-based direct torque control

(SVM-DTC) Fig. 7. Detail view of DTC controller
Direct torque control of induction motors has gdinetime to avoid short circuit of switches on the sdew were
popularity mainly because of simple control struetu simulated based on comparison of space vectors and
[13]-[14]. Similar to dc motor flux and torque reéeices are triangular wave (Fig. 10). Line voltages and phaskages
used and according to [9], the stationary statotefs can be (Eq. 7-8) were simulated from the PWM signals (Flg.

calculated as Then using direct online starting method phaseagels were
supplied to the induction motor model (Fig. 5). &ehce

Aas = J‘ Vds - Rsigs)dt torque was used (Fig. 12) and speed and torquemssof
° ( ° ® s) ' 22 induction motor model (Fig. 13) showed smooth resgo
Ags = J‘ (Vas - Rsigs)dt 23) except small error at transient states (2 s, 33s54s and 6 S).

Current response was also simulated (Fig. 14). Magn
current at transient torque condition (400 N-m @@ - m

and the resultant stator flux is described by and from -200 N-m to 0 N-m) (Fig. 15) was simulaged
showed smooth response.
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With a 5 kHz SVPWM, the existing SVM-DTC [9] and
simplified SVM-DTC were used to investigate speed a
torque response of induction motor (Table II). Bogiven
speed reference the response for both existingiamalified
SVM-DTC showed similar result (Fig. 16). But torque

ISSN: 2231-2307, Volume-5, Issue-2, May 2015

if
—
=
N /NS
o
0 100

. o . T
response in the case of a simplified SVPWM (Fig.st®wed 'me us]
low overshoot during transient condition (1 s, 3 s,and 5 s) !
and less torque ripple than the torque responsexisfing <
SVM-DTC (Fig. 17). Furthermore, using simplified BWM, =
a 9 % improvement of torque variation (conside 0§ N-m 0 ) ) 00
and -200N-m as a reference) was observed (Figs. 19-20). T'EE‘; ”5]
Torque response of a simplified SVM-DTC was further .
improved by 14 % (Fig. 21) compared to the torcesponse 0
of existing SVM-DTC (Fig. 19). The current respensing a =
simplified SVM-DTC (Fig. 22) also showed smooth reunt : - - - - -
during transient condition (1 s and 1.1 s). Time [us]
(©
Table 11
INDUCTION MOTOR PARAMETERS Fig. 10. (a) PWML vs time (b) PWM2 vs time (c) PWM3
Power 3.7kw vs time of the upper leg of inverter in simulated Bace
Supply Voltage 460 V Vector Modulation Model
Frequency 60 Hz
Stator Resistance R 0.099610Q 1000,
Rotor Resistance,R 0.05837Q > 600
Stator self-inductance ;L 0.867 mH 2 200
Rotor self-inductance ,,L 0.867 mH % = 200
Mutual inductance, } 30.39 mH g o0
Moment of Inertia, J 0.4 kg m S
Friction factor, B 0.02187 -1000% 0.008 T'O'Olf ] 0.025 0.033
Pole pairs, 2 Ime (S
—_ — 650
3 >
s S
kS s
o S
8 > -
-3 ; ; ; ; 3
@ 9 0.008 0.017 0.025 0.033 g )
Time [s] o .
(a) 0.017 0.025
Time [s]
(b)
5
fg, Fig. 11. (a) Line voltage vs time and (b) phase vabe vs
2 time in simulated-dynamic-equivalent circuit based
1 e i e -t Induction motor Model.
Time [s]

(b)

Fig. 8. (a) Space vector vs time and (b) Sector time in
simulated Space Vector Modulation
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Fig. 15. Current vs time at transient condition sinulated
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Fig. 16. (a) Speed vs time using existing SVM-DTCd

(b) Speed vs time using new SVM-DTC
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Fig. 17. Torque vs time of SVM-DTC using existing M
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Fig. 18. Torque vs time of SVM-DTC using designed\8V
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Fig. 19. (a) Torque variation vs time at 200Nm refence
(b) Torque vs time overshoot during transient condion
(c) Torque vs time at -200 N-m of existing SVM-DTC

method
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Fig. 20. (a) Torque variation vs time at 200 N-m ference

(b) Torque vs time overshoot during transient condion

(c) Torque vs time at -200 N-m using designed SVRTC
method and sampling time of Gus
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Fig. 21. (a) Torque variation vs time at 200 N-m ference
(b) Torque vs time overshoot during transient condion
(c) Torque vs time at -200 N-m using designed SVRITC
method and sampling time of 0.5us
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Fig. 22. (a) Current vs time using existing SVM-DTCand
(b) Current vs time using designed SVM-DTC
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I[V. CONCLUSION

In this study, a simplified Matlab/Simulink-basedsifjn of
SVM and dynamic modeling of Induction motor was
simulated. To study on-line starting and the effeictoad
torque variation, the designed SVM technique usésavP
signals to synthesize voltage supply to the dynanadel of
Induction motor. Pl-based simplified SVM-DTC contreas
also used to compare speed and torque trackingoitipa
with the existing SVM-DTC method. The result dentoated
that with fine tuning of the controller, torque @rrwas
reduced (Fig. 21).

Although the torque variation was generally imprbwvéth
selection of very small sampling time, we obsertleat the
smoothness of current response deteriorated dtrangient
instant compared to existing method that has loagempling
time. To improve the smoothness of current and u®rq
responses, additional study will be conducted uaimtigital
signal processor. Furthermore, variable structorgrol and
other methods can also be adopted to achievedhis g
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