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ABSTRACT

This thesis proposes a new space vector pulsewidth modulation (SVPWM) method based
on a carrier wave providing unbalanced two-phase outputs for asymmetrical parameter type two-
phase induction motor drives using a three-leg voltage source inverter (VSI). The proposed
principle is adapted from a conventional SVPWM method providing balanced two-phase outputs.
The principle is fully described and mathematically modulating functions of space vector
equivalent phase leg reference voltages of the inverter are derived. PWM signals obtained from
this method can be implemented by both analogue and digital techniques. With this strategy, the
amplitudes and frequency of the unbalanced two-phase outputs can be easily controlled whilst the
phase difference angle is always kept at 90 degrees suitable for improving performance
particularly electromagnetic torque of an asymmetrical parameter type two-phase induction motor
in variable speed drive applications. In addition, dynamic performance simulation of the
proposed two-phase induction motor drive system is given. The correctness and validity of the
proposed method are confirmed by simulation and experimental results. A TMS320F240 digital
signal processor board is used for generating PWM signals and space vector equivalent phase leg
reference signals. The testing of the PWM inverter with balanced two-phase resistive-inductive
loads and the asymmetrical two-phase induction motor under both open loop and closed loop of
variable speed control is given. The simulation and experimental results show that the proposed
system is able to reduce torque pulsation, improve electromagnetic torque and provide good

dynamic response.
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[ (=)

o i = c'? g/ 4 P o 2 . =1
uatmmﬂﬂuama gu mﬂﬂhmmmmumumuaMmmu Capacitor run Tﬂﬂll

fsadasio i

wnamaaluldh 370 W
NAALTIAY 220V,
fifanud 50 Hz
wiANIILe 28 A
fifan1m52 1370 rpm
St imEn 4 Pole
Motor Inertia 0.011kg.m’

1.1 MSNATOUIATIAINSIHINTOU (Turns ratio test; o )

Single-phase

induction moto

Auxiliary

Variable | A
winding

transformer.

0=

Single-phase

induction motor

Auxiliary

Variable

winding

No-load

transformer.

Q=

(@) mstlouussdunvandadionyu

310 n-1 20sh lddmTumsnadeunidaidudauseu

= @ 1 o 4 { o &
g1 -1 Wumsneaaeumsandwdmnusevvewemefiniivnhmilund Tasinanis

naaouuaadlin15199 n-1
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E, (V) E,(V) E,(V) E, (V)
220 265 220 86
sasamduuseun 1dain
E E
o= |Eafa _ 220265 1755
EE, | (220)86)
1.2 Manaaou DC Test
Main Winding DC Test
A15191 1-2 Main Winding DC Test
V(V) 6V 12V 18V 24V 25.4V
I(A) 0.68A 1.32A 2.0A 2.7A 2.8A
Rm(Q) 8.82 9.09 9.00 8.89 9.07
R, =8.97Q
Auxiliaty Winding DC Test
M15199 7-3 Auxiliary Winding DC Test
V(V) 10 20 30 40 50 60 70
I(A) 0.2 0.42 0.62 0.84 1.04 1.22 1.38
Ra(Q) 50 47.62 48.39 47.62 48.08 49.18 50.72

R,, = 48.80Q)
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1.3 NM1SNAa@U No-load test 11y Locked-rotor test ﬁﬂﬂﬁl’!ﬂ‘l‘iﬁﬂ

No —load current (1)

0.5R,

QO+

(M) No-load test (4) Locked-rotor test

Eﬂﬁ -2 299IN1INATDYU No-load test LAY Locked-rotor test

151911 -4 Main Winding No-Load Test

I(A) P(W) PF
110 0.22

V(V)
220 2.273

mﬂeﬁ’mga“lumﬁwﬁ f1-4 Main Winding No-Load test

z="_N pal =21.29+ j94.4
26 WX D-73.29

v
w

AU
R,=2129Q uny X, =94.4Q

] ¥
9103129959 N-2(R) HATIVYBIAT Reactance THHUALAIA AN

X, =X, +05X, +05X,

o A'l 1
MIMSNATOU Locked-rotor test INOWIA1 X, X, tag X,




ﬂﬁNﬁ N-5 HON1TNATDY Locked-rotor ﬁ%ﬂﬁ?ﬂﬂﬁﬂ

V(V) I(A) P(W) PF

102 2.808 180 0.63
Fi= : = ol =22.89+ j28.22

1268 2.8084-50095
R, =22.89Q
X, =28.22Q
910 Locked-rotor test
X -x,- %
2

M X L ﬁ’e]ﬂ'W L.ocked-rotor reactance
AU
X, =X, =282£=14.11§2

LIRE Magnetizing reactance A UNIAY
X, 93X, 5 1.9/

=2(94.4)-1.5(28.22)
X, =146.47Q2

Pmr = ])m'_ ~ Izn[, (Rl & O'zst)
=110-(2.273)*(8.95+0.25(13.879))

=45.833W

1NHANTT Locked-rotor

2
Xy + X
R2=(RL—R1{ ZX n]

m

R, =16.7Q

114



115

1.4 M3NAaaV Locked-rotor NUAAIAY

maah -6 HAN1TNATBY Locked-Rotor NYARIAYIY

V(V) I(A) P(W) PF

86.2 0.58 31 0.62

3 : '
NUBYANINAABY Locked rotor test NUATIAWIY

z=F 862  erinrms
126 05875168

R, =92.15Q
X, =116.6Q

91N Locked-rotor test

X
{ =g T

X L f9f1 Locked-rotor reactance
¥
ALY

x, 4% =48 o
2

R Turn ratio
A )
7,8 )
Yt eI
Kt 2
J 5 R,
28
Main voltage
, Xy 2.4
s 4 a’j
ﬁé a; 2 iazj‘}i@
/ 2 R, a’R, -
20-5) 2A2-5)
Y
O O

Main winding Auxiliary winding

P o = o 1
31 -3 2esauyanamenmilenhaeurauu Tuauuas



8970 Jj4.11Q . J58.3Q 48.8Q
Turn ratio
2 s
J7.06Q2 Jj21.6Q
i
J3.240 g 11'19 it
16.7Q2 51.14Q
28 28
Main voltage Auxiliary voltage
J7.060 21,60
1219.7Q
73.240 E gf
/ 16.70 51.140
2(2-5) 2(2-5)
Y
O—=51 ®
Main winding Auxiliary winding

4 o 1 =Y d o @
Eﬂﬁ n-4 NIINIHUANTNITINIRD TE T T UINITENY D

o = o " |
yomo s Henhaeaauuy liauinas

%%%%%%%6% % %% %% %% %% %% %%% %% %0 % % %6 %% % %6 % % % %6 %6 % %% % %% %%
%%%%% %% %%  Parameters of two-phase induction motor %%%%%%%%%% %% %%
%%%%% %% %% %% %% For dynamic modeling %% %% %% % % %% %% % %
%%%% %% %% %% % %% %% %% %% %% % % % % % % % % % %% %6 %0 % % %0 %0 % %0 %% % % %o

Sb =30; % 1/2 hp rating in VA

Vrated =220; % rated rms voltage in V

p =4, % number of poles

frated =50 % rated frequency in Hz

wb = 2*pi*frated; % base electrical frequency
whm =2%wb/P; % base mechanical frequency
Vb = Vrated*sqrt(2); % magnitude of phase voltage
Tfactor = P/(2*wb); % torque expression coefficient
Ng2Nd = 1/1.76; % Nqgs/Nds main to aux wdg turns ratio
rqgs =8.9; % main wdg resistance

xlgs =14.13; % main leakage reactance

rds =48.8; % aux wdg resistance
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x1ds =5R.27; % aux leakage reactance

rpds = (Ng2Nd"2)*rds; % aux wdg resistance referred to main wdg
xplds  =(Ng2Nd"*2)*xlds; % aux wdg leakage reactance referred to main wdg
xplr =14.12; % rotor leakage reactance referred to main wdg
rpr =14.128; % rotor wdg resistance referred to main wdg
xmq =146.3; % magnetizing reactance referred to main wdg
xMgq = 1/(1/xmq + 1/xlgs + 1/xplr);

xMd = 1/(1/xmq + 1/xplds + 1/xplr);

J =0.0101; % rotor inertia in kg m2

H = I*wbm*wbm/(2*Sb); % rotor inertia constant in secs.

Domega =0; % rotor damping coefficient

rgs  xlgs xXplr
o— Y Y Y\

Main winding circuit

rpds  Xplds xplr

o——ANA—Y Y\ Y'Y Y

A

v'ds gm §I’pf"
4

o

Auxiliary winding circuit

A ¢ e o Hq v o
517 n-5 2sauyavesvemesmilsnhaeuraildlunisiiaes



118

MARNUIN V.

4 A ¢
nseadanazgnsamlylumnamey



119

y d._ (... e SN ﬁ > =
g‘lj'ﬂ 4-3 ADUILANDS CP1104 dmsuaoion leanuvosa DS

’

1104 AU /O A1PUBN



120

T = A
DSP controller board 31 DS1104 v8313HN dSPACE Fai)sznoulide yailszaunana digital

signal processor (/85 TMS320F240 9 urumiasunesiva DS1104

e . AN &
4 4 o a o 4 1
31 @-5 gilnsaluazinTeailodmiunarouniuquanufwomesreunauuy liaunas



121

SMANHIN .

=X -:'t VYas o &
WA A UNIATINN



(2]

[4]

(5]

122

Ch. Charumit and V. Kinnares, “Carrier-Based Unbalanced Phase Voltage Space
Vector PWM Strategy for Asymmetrical Parameter Type Two-Phase Induction
Motor Drives”, Electric Power Systems Research, Vol. 79, No. 7 pp. 1127-1135, 2009.
Vijit Kinnares and Chakrapong Charumit, “Modulating Functions of Space Vector PWM
for Three-leg VSI fed Unbalanced Two-Phase Induction Motors”, IEEE Transactions
on Power Electronics, In press.

Ch. Charumit and V. Kinnares, “Realization of a Carrier-Based Unbalanced Output
Space Vector PWM Strategy Using Analogue and Digital Techniques for Three-leg
Voltage Source Inverter Fed Two-Phase Induction Motors”, IEEJ Trans. on Industry
Applications Society, Section D, Vol. 129, No. 6, 2009.

Ch. Charumit and V. Kinnares, “Implementation of Space Vector PWM for a Two-
Phase Three-leg Voltage Source Inverter”, ECTI Trans., Vol. 7, No. 1, 2009.
Chakrapong Charumit and Vijit Kinnares, “Analogue Space Vector Modulator for Two-
Phase loads using a Three-Leg Voltage Source Inverter”, IEEE Proc Robio Conf., In

Press.



123

YOLUMETY  1SSUET JUY 2009 B3N 03787796

- ELECTRIC POWER
SYSTEMS RESEARCH

bt in Chiek 8.0 00 Russoll

g for den L, Gaal
Frgme ¢ gsd Mrica CA. Beai
fymots Hitor 1.0, Morgen

ScienceDirect




G Model
EPSR-2838; No.of Pages9

124

Electric Power Systems Research xxx (2009) xxx—xxx

Contents lists available at ScienceDirect

Electric Power Systems Research

journal homepage: www.elsevier.com/locate/epsr

\ & ELECIRIC POVIER
25 SYSTEMS RISEARCH

Carrier-based unbalanced phase voltage space vector PWM strategy for
asymmetrical parameter type two-phase induction motor drives

Ch. Charumit*, V. Kinnares

Department of Electrical Engineering, Faculty of Engineering, King Mongkut's Institute of Technology Ladkrabang, Bangkok 10250, Thailand

ARTICLE INFO ABSTRACT

Article history:

Received 18 February 2008

Received in revised form 3 November 2008
Accepted 10 February 2009

Available online xxx

Keywords:

Carrier-based space vector PWM
Asymmetrical parameter type two-phase
induction motor

Three-leg voltage source inverter

This paper proposes a space vector pulse width modulation (SVPWM) method based on a carrier providing
unbalanced phase voltages for asymmetrical parameter type two-phase induction motor drives using a
three-leg voltage source inverter (VSI). The principle is fully described. The proposed space vector equiva-
lent phase leg reference voltages are derived from conventional ones. With the proposed SVPWM method,
the output voltages are displaced at 90" with controllable amplitudes. The validity of the proposed method
is verified by both calculated and experimental results.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, single-phase induction motors (SPIMs) have
been widely used in low power residential and industrial applica-
tions. SPIMs are normally supplied with a single-phase ac source
of constant frequency and voltage. As a consequence, there is a
decrease in efficiency, when decreasing the load. When energy sav-
ing is seriously concerned, a variable speed SPIM drive is likely
to play an important role. It is not easy to achieve high perfor-
mance over wide ranges of operating conditions without using
variable frequency drives. However, SPIMs have experienced sev-
eral problems such as low efficiency, low power factor, torque
pulsations and so on [1,2]. Many research efforts have been made
in improving drive performance not only by a control method but
also by a PWM strategy [3-5] With the advent of microprocessor
and switching device technologies, improvement of PWM methods
and suitable converter configurations have been made possible. An
asjmmetrical parameter type two-phase induction motor is proba-
bly adapted from an existing single-phase split capacitor induction
motor (SPCIM) by removing a capacitor out from the auxiliary wind-
ing and separating main and auxiliary windings.

Digital techniques for generating PWM patterns seem to be
more interested due to the advent of a microprocessor technology
resulting in precision, ease of implementation and flexibility. Space

* Corresponding author. Tel.: +66 2988 3655x3088; fax: +66 2988 4040.
E-mail addresses: ch_charumit@hotmail.com, kikwijit@kmitl.ac.th
(Ch. Charumit).

0378-7796/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.epsr.2009.02.003

vector pulse width modulation (SVPWM) is well established for a
three-phase system with the digital implementation [6-9]. It offers
many advantages over other PWM techniques. For a two-phase sys-
tem, particularly for unbalanced outputs there are a few works to
reveal the explicit principle and space vector equivalent mathemat-
ical functions. As shown in Fig. 1, a three-leg voltage source inverter
(VSI) providing two-phase outputs is increasingly interested for
two-phase drive applications due to good dc voltage utilization,
reduced total harmonic distortion of currents and availability of
three-leg modules [3,6,12]. When comparing with the two-leg
VSI for a two-phase induction motor, the three-leg VSI offers zero
space vectors resulting in a reduction in the motor current ripple
and more or less 20% higher output phase voltages [6,17]. Also, the
problem of unbalanced voltages across two DC-link capacitors is
absent for the three-leg VSI Performance evaluation of converter
topologies for two-phase induction motor drives can be found in
[18]. However, the kind of a PWM strategy suitable for those topolo-
gies was not reported. The proposed PWM method in this paper
is applicable to such low cost topologies in a certain range. Unbal-
anced two-phase voltage supplies with variable frequency have
proved better performance of an asymmetrical parameter type
two-phase induction motor [3]and [10-14].In order to achieve such
improvement, the relationship between voltages and frequency for
both windings is shown in Fig. 2. Before reaching a rated value, the
auxiliary winding voltage is higher than the main winding voltage
with the linear relationship of Vy =V, where « is the turns ratio
of windings (auxiliary/main), v4 is the main winding voltage and
vg is the auxiliary winding voltage [3,12,13]. After reaching a rated
value of the auxiliary winding voltage, the both winding voltages

Please cite this article in press as: Ch. Charumit, V. Kinnares, Carrier-based unbalanced phase voltage s‘péce vector PWM strategy for
asymmetrical parameter type two-phase induction motor drives, Electr. Power Syst. Res. (2009), doi:10.1016/j.epsi.2009.02.003
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Fig. 1. Three-leg PWM voltage source inverter supplying a two-phase induction
motor.
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Fig. 2. Relationship between appropriate voltages and frequency for both windings
of an asymmetrical parameter type two-phase induction motor.

are independent. The requirement of such appropriate voltages for
both windings of such motor is possible with the proposed method.

This paper focuses on describing the principle and implemen-
tation of the proposed SVPWM method through a mathematical
approach. The generation method of the proposed PWM patterns
and corresponding waveforms at various points of the main power
circuit (Fig. 1) can be illustrated in Fig. 3.

2. Conventional balanced two-phase output SVPWM
method

The principle of two-phase SVPWM for the three-leg VSI is
derived from three-phase space vector modulation which divides

_ N
I o o

o e e A < DR P
R 2 I 2 R i

_nan ﬂml—ll_lf'"]m..
H I v oot

25 y
__'_?,i;; Mwﬁl ﬂ H U UU niIIF’JL[Lﬁ_’U% i :I‘a‘m Vo
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i }

e 1{“ g i o
Ve " Vea Vo
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Angle {degrees)

Fig. 3. Principle of the proposed SVPWM method.
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e
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Fig. 4. Conventional location of active space vectors in a d-q plane and an arbitrary
output voltage,

into six hexagonal sectors with 60° depart each sector [15,16]. For
two-phase SVPWM, the common leg is used. As a result, voltages
between leg voltages provide two-phase outputs, namely vy, as vy
and vy, as vq. In the switching states of SVPWM, the upper switches
51,53 and S5 of the main power circuit are assigned with either“1" or
“0" equal to turn-on and turn-off, respectively. The lower switches
Sa4, Sg and S, are opposite states against the upper switches in the
same leg. The DC bus voltage is 2V,.. The switching states, corre-
sponding output voltages and space vectors are shown in Table 1.
As shown in Fig. 4, there are six possible voltage vectors
(5V7, SV5...5Vs) and two null vectors (SVg, SV5). Four active vec-
tors (SV7, 5V, SV4, SVs) have a length of 2V, and two active vectors
(SV3, SV5) have a length of 2/2V,.. Desired output voltage space
vector VJ in a vector form, which is a rotating vector with a circular
trajectory, can be calculated in terms of the average of a number of
these space vectors within a half carrier period in each sector as

— Ty — T, —

Vo =Volby = —=U; + —=U 1
o =Voilh = w7mUi+ xrm b2 (1)

Table 2

Quantities of the conventional SVPWM.

Sectors Uy [ T T v, Vi ay oz

1 SO, Tw, Tw, 2V 2V, i 72

2 SVi SV, T, Tsv, 2V 2V 3nl4 mf2

3 SVy o SVy Tey, Ty, 202V 2V e @

4 SVs o SVi o Tey o T, 2V 2V, 32 =

S Vs SV Towg o Tey, 2V 2V2Vee 3wz w4

6 SV SVe Ty, Tey, 2V 22V 2m Tnj4
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Space vector active times and modulating functions of balanced output voltage SVPWM in each sextant.

Phase leg reference voltage

Switching times
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GO~ P +
~ 7 SEEOAET e oy 1 )
'\; SR ?:-’ 7 where Uy and U; are the two adjacent vectors; V;, V5 are the magni-
) & ] f_: e *E tudes of the space vectors; fp is sapling position; a1, oy are angles
o7 “F LoE g AE for the two adjacent vectors; Tj, T, are active times for the two
~§ EE é e £ adjacent vectors; Tsyg, Tsy7 are times for null vectors; AT is a car-
A i e T it E,’_J rier period. Generally, for a symmetric space vector pulse pattern,
s ome owme TP ue space vector time for each zero switching state (Tsyg, Tsy7) is set
Il gl L to be equal. The relationship between active times and the desired
g2 Ay He g8 A8 o output voltage for each sector can be expressed in a matrix form as
Ti v
S, AT/2°" | VYo |sin(a;-6g) 5)
A & e T_z\/2 sin(az — o) | sin(6p — oq)
:-.E 'D *] B | AT/Z
R ot R
B 8 = *—E« Active space vectors and corresponding times magnitudes and
& . ) .
£ l, L::It @ location for all sectors are shown in Table 2. By using (5) and Table 2,
‘l‘l’“ ‘" 24 T space vector active times (Tsyy, Tsyz) for sector 1 are arranged as
5 G 5 follows:
£ BeE
i M . /@ AT
T5V| =?Sln (E —90) '—2— (6)
A M . AT
f i Tsy, = 5 s1n(80)——2— (7)
<+ £ L W——
vl | where M =V, [V, which is the modulation index.
ale At It is noted that Tsy; + Tsya < AT/2. Using (6) and (7) yields
m wnm
I‘S: ‘E Tsy, +Tsv, _ V2V, cos (E _90) - (8)
3 2 AT/2 2Vyc 4 -
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Fig. 6. (a) Calculated switching times of Ty, Tz and Tp (in p.u.) at M

From (8), the condition for maximum possible magnitude of V,
occurs at g =m/4 which gives V, = v2Vy.. As a consequence, 0 <
M < +/2. The maximum phase voltage is approximately 70% of DC-
link voltage [7,17]. This characteristic is one of the major advantages
of the three-leg VSI. Fig. 5 shows the pulse patterns of the phase
leg voltages with respect to the midpoint of the DC-link voltage,
corresponding space vector states, and space vector times in each
sector for conventional space vector PWM with equally spaced zero
space vector SV, and SV7. The reference (average) values for the
three-phase leg voltages over the time interval AT/2, which have
a switching sequence for sector 1 in a half period of switching as
SV — SVi — §V; — 5V7 [15] are

- Tsvi Tsya
Uan—Vdc[AT/2+AT/2:| (9)
Tsvy Tsv2 ]
=V | ——=
o = Vil [ ATjz T AT/2 (10)
_ Tovi  Tsva
veo = Vate [ AT/2 AT/Z] (11)

By substituting (6)and (7)into (9)-(11), phase leg reference volt-
ages with respect to the midpoint of the DC-link voltage, which are
modulating functions representing equivalent space vectors, can be
expressed as

;Ld“c & % [sin (525 . 90) +sin(60)] (12)
%Z -4 [—sin (g - 90) +sin(60)] (13)
;L; - :ZM [sin (g " 90) +sin{60)} (14)

Similarly, according to Tables 2 and 5, with the same process,
space vector active times and modulating functions for the remain-

Fig. 7. Geometrical relationship modified from [4] for determining voltage factors
for a given value of positive 4,

Angle (degrees)

= +/2.(b) Calculated phase leg reference voltage waveforms at M = /2.

ing sectors can be achieved as shown in Table 3. Switching times
T;, Tz and Tp in the half period of the carrier can be plotted as
Fig. 6(a). Corresponding phase leg reference voltage waveforms can
be shown in Fig. 6(b). These are space vector equivalent waveforms
which will be used to compare with a common triangular carrier to
generate PWM patterns.

3. Proposed unbalanced two-phase output SVPWM method

The principle of the carrier-based unbalanced two-phase output
SVPWM using the three-leg VSI is derived from the conventional
balanced two-phase output SVPWM. The differences are magni-
tudes and location. The magnitudes of the proposed space vectors
are obtained by scaling the magnitude of the conventional ones by
voltage factors |A|, |B| and |C|. Voltage factors can be determined
which are based on the principle of considering unbalanced output
voltages proposed in [4,5]. As shown in Fig. 7, each phasor of phases
a, b, and c has a length equal to 1/+/2. V4 and V. are out of phase and
—V, is controlled by angle shift, 8. By using phase bas acommon, the
phase difference between ¥, and V,, (i.e. terminal voltages V; and
Vq)is 90°. When considering Fig. 7, by using trigonometry relation-
ship, voltage factors |A| and |B| responsible fordirect and quadrature
output voltages, respectively can be expressed as follows:

Al= /22 +y*  |A| = vZsin (%72) (15)
' 1 2 T §
= — 2: Bl =+2 - == 16
|B| (ﬁ+x) +y<; |B]| cos(4 2) (16)
<’.\i(.lu
G Su[m :"
A N S | LA
J” o {‘ N P2y T fBE
[‘__ucrin; 3 J’,‘ 7R o d — axis
B b L
l‘ . i S VI f':rm!
Sl [Pl 1 By,
Doy =7 (.?L’L'Ir)l;(g,’[
P i B . |
Z%w%.ftg?fi__mw
ST oy S"’s.ur.n

Fig. 8. Proposed location of active space vectars 5V5 and 5Vg.

Please cite this article in presé as: Ch. Charumit, V. Kinnares, Carrie_f—based uhbal_ance‘d phase voltage space vector PWM strategy for
asymmetrical parameter type two-phase induction motor drives, Electr. Power Syst. Res. (2009}, doi:10.1016/j.epsr.2009.02.003




‘G Model
EPSR-2838; No.of Pages9

128

Ch. Charumit, V. Kinnares / Electric Power Systems Research xxx (2009 ) xxx-xxx 5

Tllul'z,tj.n-u
ol

~

{a) Positive &

Tl Jeonis

L5

(b) Negative 5

Fig. 9. Proposed location of six active space vectors and an arbitrary voltage vector trajectory. (a) Pesitive § and (b) negative §.

Then let

1

= (17)
VA +(1/1B1)

ICl

Iflet =0, then |JA| and |B| = 1 which is a condition for balanced two-
phase output voltages with 90° phase difference. When changing
a value of §, voltage factors |A|, [B| and |C] will change in accor-
dance with (15)-(17). As a consequence, the changes in both the
location and the length for two active space vectors (5V3, SVg) and
in only the length for four active space vectors (SV;, SV5, 5V;, SVs)
occur. The voltage factors are used for varying the amplitudes of
the active space vectors in each sector. The range of |A|, |B| and
|C| values is between 0 and +/2. As shown in Fig. 8, ¢ is the angle
that the proposed two active vectors (SV5, SVg) are shifted from
the conventional ones resulting from a change in é. [n order to find

the relationship between ¢ and §, by performing trigonometry, the

following equations are derived.

_ Al _ sin((w/4) - (6/2)) _ T 4
an 2= = Sy = (7 -3) e
Then, y; =(m[4) - (6/2). Since y; =n/4, thus
¢=mfn:%—%+§ (19)
Then,
b=3 (20)

The desired output voltage and space vector plane can be dis-
played in Fig. 9 for a given § in positive and negative directions.
Unlike the desired balanced output voltage yielding a circular tra-
jectory, the desired unbalanced output voltage gives an elliptical
trajectory as the dotted line. The axis of the elliptical trajectory can
be either vertical or horizontal depending on the direction of 8 (i.e.
positive & for vertical (Vg > V), negative § for horizontal (Vg > V).

Table 4
Quantities of the proposed SVPWM.
Sectors U, U, T T; -V Va oy 2
—— —_— /.
1 Svi{(100) 5V2(110) Tsv, Tsv, %ﬁz Wi' v &
2 $V3(010) SVa(110) Tors Tov; Ha £ ER) ¥
J— — 2V, 2V,
3 SV3(010) SV4(011) Tsvy Tsv, T o ) 3
o) N e » 2V,
4 SV:(0 01) SVio11) Tov; Tsv, e e e n
5 5V5(001) SVs(101) Tov; Tsv ] 2 2z £
6 V(1 00) SVe(101) Tov, Tovg /g e 2n i
Table 5
Proposed space vector active times in each sextant.
LTI I Tovy _ oMo (3
- sin (& - = am
Sector 1 &z T (‘ Hﬂ) Sector 4 i SO ( 2 H")
b e b .
35%% = M8 sin(f) -551% = M8 sin(fly — )
Tsvy MiBl i (3 Tsvy MB! o
i [ i e s L L
Sector 2 3Tz = e o ( e 00) Sector 5 AT/2 = TR AIRE) sm( Tte ”D)
Tsv. Mic ; 1 Tsv, M| : 3z
AT/ = Fa A (”" = %) A/E = TERgEa S0 (HU - T)
Toy MiC . Top . X
g = _.71_ s A | . LI L
Sectors 3 8772 = Fat/a °'0 (ﬁ (}D) Sector 6 w5 = Tawag SR - )
Tsv, MiA} . 3 Tsy M]A| i3 7
AT = TerAE N (0" e 4’) w7 = Faawas i (”U R ‘f')

Please cite this article in press as: Ch. Chardmit, V. [(i'nnates,,cérﬁér—'based unbalanced phase voltage space vector PWM strategy for
asymmetrical parameter type two-phase induction motor drives, Electr. Power Syst. Res. (2009), doi:10.1016/j.epsr.2009.02.003




G Model
EPSR-2838; No.of Pages9

129

6 Ch. Charumit, V. Kinnares / Electric Power Systems Research xxx (2009 ) xxx—xxx

Due to the similar principle to the conventional balanced SVPWM,
the mathematical calculation of switching times for the proposed
method can be dealt with in the same manner as for the conven-
tional one as mentioned earlier. According to Fig. 9, the location,
magnitudes and active times of the proposed space vectors can be
summarized in Table 4. Space vector active times (Tsy;, Tsyn) for
sector 1 can be determined by using (5) and Table 4 as follows:

Tsv, _ ML _

ama=7 (3 -%) 21
Tsv, MiB| .

AT/ = Tsm(é)g) (22)

where 0 < M < +/2.

The proposed phase leg reference voltages with respect to
the midpoint of the dc input voltage, which have a space vector
sequence for sector 1 over the half period are expressed as follows:

T T. M 3 ;
;‘:’ (#AsTv/lz A-?J‘"//Zz) =3 (|A|sm (g- 5 90) +]B|Slﬂ(6@)) (23)
. 3

Yoo _ (_Tov1 TSVZ)_M Pl [ e : )

Vi _( AT/2 + aT2) " 2 ( ;A|sm(2 6)0) + |B| sin(fg)
(24)

Vo [ Tovi  Toa\ _-M . of ;

V" (_ AT/2 AT/2) = (]A[sm (5 —60) + |B|sm(6ig))
(25)

(a) 12

(PL})
Ol
[=>3 > —h

ng Time

sector

270

136 180 225 315 360

Angle (degrees)

0D 45 80

Table 6
Proposed modulating functions of unbalanced output vaitage SVPWM in each

sextant,

+Cjsin(2m — Hu\

+1Csin(27 — 3{'”],

b o y |A| Sin ('_7’ __fio) +|B[sin(Hn)]
Sector 1 :
ey |__|A| sin (' +|3 sm(/Ju]]
{'ﬁ: - :;_‘i [\Al Sin( r’fg) + B sin{ Ho]]
53_ a Tﬁ?ﬂi:‘rifmﬁ [ IC}sin (Hog §) + IB| sin (31 +o- HD)]
Sector 2
:'_:% - hm[ur,'-ﬂidll [\Ci Sl'E'l( o — %) -{B|sin (“’ g — ﬁn)]
= e [isin (do— 3) -+ B1sin (3 + ¢ 4)
= et [ICsinr = 6o) + Aisin (80 - 3 - ¢)
Sector 3 i :
e = W [|C]sm 7t —th) +|A]sin (5'0 — 3 ‘d’)]
p.-:; i zsmurﬁ‘-n 3] [ﬁlclsm(” = Go)-£ LSt (0“ ¥ 7¢”
= [JBlsm'(fn — ) + 1Al sin ( Un)]
Sector 4 oy ._mlsin(ﬁn — ) +iAlsin (—' - u)J
!“,: =4 [|B|sm(6’u )+ A'sm( Go)
e = TS ] [ \B]szn( +¢ - Hg) 1€l sin (I)o iy )]
Sector 5 e i 3’
V= TR ['B] 5'" +&=60) +(Clsin (6" T)]
%{% = sul((x 4ytp) [|S|ﬁll1(7 e~ 60) *+{€lsin (60 %'1):[
= Tm?%m [EA| sin (r)o 2 ¢=) +ICisin(2 901]
Sector 6 e _ M ]
= st [ (”ﬂ F-¢)
[sin (60 - % - ¢)

(h) ;

T
Prise V.‘n;f\

Reference vollag
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Angle (degrees)
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Fig. 10. (a) Calculated switching times of Ty, T, and Ty (in p.u.j at §=40°, M = VZ. (b) Calculated phase leg reference voltage waveforms at §=40°, M = +/2.
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Fig. 11. Calculated voltage trajectory {in p.u.). (a) 0" <3 <80° and (b) -80° <§<0°,
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Similarly, according to Tables 4 and 5, space vector active times
and modulating functions for the remaining sectors can also be
expressed in the same procedure and given in Tables 5 and 6. The
magnitudes of the orthogonal output voltages for the unbalanced
two-phase system can be expressed as

Vap = Vg = MV |A| (26)
(T 8 .

V4 = MV ~2sin el (using peak voltage) (27)

Vop = Vg = MV IB| (28)

Vg = MVy~/2 cos (E - i) (using peak voltage) (29)

4732

According to (27) and (29), output voltages can be adjusted by
changing values of the modulation index M and § which § depends
on the voltage factors. Therefore, desired unbalanced output volt-
ages are achieved with changing such parameters. For example,
calculated active times for each sector over a period and refer-
ence voltage waveforms at §=40" and M = +/2 can be plotted as
shown in Fig. 10. These results can be compared with the results
from Fig. 6 and from the publications in [7,8,17] which are for bal-
anced output voltages to see how the characteristics of the proposed
method are different from. It is noted that, obviously, sectors 2, 3,
5 and 6 occupy the angle range different from the balanced case.
Fig. 11 shows the calculated voltage space vector trajectory (nor-
malized with V) under a variation of § for positive and negative
at maximum M = +/2. For the positive 8, an increase in a value of §
causes an increase in the magnitude of the major axis of the ellip-
tical locus and a decrease in the magnitude of the minor axis (i.e.
Vg > Vy). Similarly, for the negative §, an increase in a value of §

e A
Freql

130

Servo
L.oad

201IM

b=

VSI
ﬁ Gate drive signals

{ PWM signals & ADC interface

I
|

DS [104R&D |
Controller Board %(Z_j’)

—

Fig. 12. Overall proposed system.

Rotor speed

causes the same manner as for the positive § except different axis
(i.e. Vg>Vy).

4. Experimental results

The Overall system for verifying the proposed method is shown
in Fig. 12. Reference voltage waveforms and SVPWM patterns
are generated by a dSPACE DS1104 DSP controller board with a
TMS320F240 slave digital signal processor. The three-leg [GBT Intel-
ligent power module inverter is used. The servo drive provides
accurate load torque. In order to verify the correctness of the imple-
mentation, the test was conducted with conditions of §=0° for
a balanced case and §=40° for an unbalanced case. Fig. 13 illus-
trates experimental modulating voltage waveforms for both cases.
It is evident that the measured reference voltage waveforms as

1.an0v

Tracais Wax .1 . i0v 50. 00117 Tricel: Wax
Truce?; Max  720.0mV Frey. 50.00H: o) e Traced: Max SO0 e’
Traced: Mix - 1.000¢ Freg- 50001z 300m Vidiv Tracea: dix  1.000v a
; Ssfdiv : 1
i
f 0 4 0
(yo=0 (b) & =440

Fig. 13. Experimental modulating voltage waveforms. (a) §=0" and (b) §=40°,

: Freq
Freqr SU.26

&

et T 60,4
Tpacel; Hox .
raceld; Max

@ va=v- %

byv,=v.-v,

Fig. 14. Unbalanced reference phase voltages at § =40°. (a) Vgp = Vg — v and (b) vep = v — V.
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Fig. 15. Motor current waveforms for both windings of the balanced applied voltages case and corresponding trajectory at inverter of 20 Hz and switching frequency of 5 kHz.
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Fig. 16. Motor current waveforms for both windings of the unbalanced applied voltages case and corresponding trajectory at inverter of 20 Hz and switching frequency of

SkHz.

shown in Fig. 13(a) and (b) are identical with the calculated ones as
shownin Figs. 6(b) and 10(b) for the balanced and unbalanced cases,
respectively. Fig. 14 illustrates the phase reference voltages and the
unbalanced reference outputs. It can be seen that the phase leg
reference voltages are nonsinusoidal waveforms, but the two line-
to-line reference voltages are purely sinusoidal waveforms with
unbalanced values. Obviously, it implies that the actual unbalanced
phase outputs occur (i.e. Vg > Vy for the positive §). These confirm
the validity of the proposed method.

The another test with an asymmetrical type two-phase induc-
tion motor having parameters given in Appendix A was conducted
with balanced and unbalanced applied voltages. For the unbalanced
case, the applied voltage levels for both windings are in accordance
with Fig. 2, as mentioned before. Fig. 15 shows the motor cur-
rents and corresponding current vector trajectory for the balanced
applied voltages at low speed. The inverter frequency and switching
frequency are 20Hz and 5 kHz, respectively. The auxiliary winding
current leads the main winding current and has lower level due to
the higher impedance of the auxiliary winding. The current vec-
tor trajectory is perfectly elliptical path with horizontal major axis.
Fig. 16 demonstrates the motor currents and corresponding vector
trajectory for the unbalanced case providing the voltage compen-
sation of the auxiliary winding. Evidently, the auxiliary winding
current is higher than that of the balanced voltage case and still
leads the main winding current. The current vector trajectory is
considerably circular. This implies that the better performance is
achieved resulting in reduced torque pulsations as mentioned in
[3,4,12,13].

Again, in order to confirm the capability of the proposed method
(i.e. unbalanced phase outputs) for the improvement of the electro-

magnetic torque when comparing with the conventional method
(i.e. balanced phase outputs), the test with varying inverter fre-
quency and motor load torque has been conducted. As shown in
Fig. 17, at the same load torque, the slip speed of the motor supplied
with the proposed method is lower than that supplied with the bal-
anced voltages. This means that the proposed method provides the
improved electromagnetic torque thus obtaining the better speed
regulation.

35 e o S
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25 S
= \\
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z 2 A
z \
5 : :
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= A \
j 14 (59
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Y A
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i i g 1
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1 ! i
G 150 300 450 600 750 900 1050 1200 1350 1500
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Fig. 17. Open loop torque-speed curve,
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In order to verify the capability of the proposed method applied
to aclosed loop speed control system, the test under motor start-up
and load disturbance conditions was conducted. Simple scalar con-
trol with constant volts-per-hertz (V/F) was used. Fig. 18 shows the
motor performance during the starting period at the base speed
command. The motor speed response is reasonable. The motor
current response is also satisfactory. Obviously, there are no high
starting currents for both windings. These characteristics are typical
for a closed loop scalar control system.

Fig. 19 illustrates the speed holding capability at the base speed.
The motor speed and current responses are satisfactory as well.
The motor speed is able to be kept constant at the speed command
during a sudden load increase at the rated load torque. From the
dynamic response of the closed loop speed control, it confirms that
the proposed method can be used in practice as variable voltage
variable frequency (VVVF) drives.

5. Conclusions

This paper has proposed a carrier-based unbalanced out-
put phase voltage SVPWM method for asymmetrical two-phase
induction motor drives using a three-leg VSI. The principle and
implementation have been fully given. The mathematical equations

representing space vector equivalent phase leg reference voltages
for the conventional and the proposed method have been derived.
The proposed method provides unbalanced voltages of the two-
phase outputs controlled by varying the modulation index and the
voltage factors whilst the phase difference angle is always kept
at 90°. The results have shown apparently the correctness and
improvement of the motor performance.
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Appendix A. Parameters of the asymmetrical two-phase
induction motor

Main winding Auxiliary winding

1¢, IM, 370W, 220V, 1375rpm, 2.8 A, = 1.71

Ry 9.04 02 45.25Q

X 137382 44.79Q

Ra 756 Q 26.76 ©

X2 6.87Q 22400

Yo 234969 2882092
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Modulating Functions of Space Vector PWM for Three-Leg VSI-Fed
Unbalanced Two-Phase Induction Motors

Vijit Kinnares, Member, IEEE, and Chakrapong Charumit

Abstract—Modulating functions or space-vector-equivalent ref-
erences of a carrier-based unbalanced two-phase output space vec-
tor pulsewidth modulation (SVPWM) strategy applied to a three-
leg voltage source inverter are proposed in this letter. These func-
tions are derived from a conventional balanced two-phase SVPWM
method. The proposed SVPWM method is implemented using a
DS1104 dSPACE controller board. With the proposed method,
the appropriate voltages for both windings of an asymmetrical-
parameter-type two-phase induction motor can be achieved for
improving the motor performance. Experimental and calculated
results confirm the validity of the proposed method.

Index Terms—Modulating functions, space vector pulsewidth
modulation (SVPWM), three-leg voltage source inverter (VSI).

I. INTRODUCTION

VPWM is well established for a three-phase system with
S digital implementation [1]. For a two-phase system [2]-[4],
particularly for unbalanced outputs, there are a few publications
that reveal the explicit space vector modulating functions. As
shown in Fig. |, a three-leg voltage source inverter (VSI) pro-
viding two-phase outputs is increasingly interesting for two-
phase drive applications due to good dc voltage utilization, re-
duced total harmonic distortion of currents, and availability of
three-leg modules [2]-[5]. Unbalanced two-phase voltage sup-
plies with variable frequency have proved better performance
of an unsymmetrical-parameter-type two-phase induction mo-
tor [4], [5]. The requirement of appropriate voltages for both
main and auxiliary windings of such a motor is possible with
the proposed method providing unbalanced two-phase outputs.

This letter focuses on the principle and modulation functions
determination of the unbalanced two-phase SVPWM applied
to the three-leg VSL. The validity of the proposed method is
demonstrated by both calculated and experimental results.

II. PROPOSED METHOD

The principle of the conventional balanced two-phase out-
put SVPWM using the three-leg VSI was proposed on the
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Fig. 1. Three-leg PWM VS5I supplying a two-phase induction motor.

basis of classical three-phase SVPWM (2], [3]. The output
voltages can be displayed in the space vector plane. There
are six possible voltage vectors (.S'_Vl,m, 8.8 ,m) and two
null vectors (SV;(0,0,0),SV7(1,1,1)). Four active vectors
(S_Vl, SVa,5V;, ?IZ) have a length of 2Vj., and two active
vectors (SV3, SV5) a length of 2v/2Vj.. The principle of the
proposed SVPWM is derived from the conventional balanced
two-phase output SVPWM. The differences are the magnitude
and the location of the basic space vectors. The desired output
voltage and space vector plane can be displayed in Fig. 2. Unlike
the desired balanced output voltage vector yielding a circular
trajectory, the desired unbalanced output voltage vector gives
an elliptical trajectory as the dotted line. The solid line verti-
cal elliptic represents the trajectory of the possible maximum
output voltage. Due (o a principle similar to the conventional
SVPWM, mathematical calculation of switching times for the
proposed method can be dealt with in the same manner as for
the conventional one. The desired output voltage V* in vector
form, which is a rotating vector, can be calculated in terms of the
average of a number of these space vectors within a switching
period in each sector as

T=Volts = 7l + 5p5l O
where
O = V™ &
U; = Vol 3
and
.A_;:T1+T2 + Tsyvo + Tsvy. )

0885-8993/$25.00 © 2009 IEEE
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Fig. 2. Proposed location of eight active space vectors and desired output
voltage.

U, Uy are two basic adjacent vectors; Vi, Vi are magnitudes
of the two basic adjacent space vectors; 8, is the sampled angular
position; a4, ag are angles for the two basic adjacent vectors;
T4, Ty are active times for the two basic adjacent vectors; Tsvq,
Ty are times for null vectors; and AT is the carrier period.
Generally, for a symmetrical space vector pattern, space vector
time for each zero switching state (Tsy o, Tgv7) is set to be
equal. More detailed description for these quantities can be
found in [2] and [3]. From (1)—(4), the relationship between
space vector active times and the desired output voltage for
each sector can be expressed in a matrix form as

Doy

AT/2 1 \ Vo [sin(ag—é’g)} )
T Vi _sin(ag—al) Siﬂ(&g—a]) ’

AT

Note that the sum of active times in each sector is less than the
half carrier period (i.e. Ty + 15 < AT'/2) [1]-[3].

The magnitude of the proposed space vectors is obtained by
scaling the magnitude of the conventional ones with voltage
factors |A|, | B|, and |C|. Voltage factors can be determined and
these are based on the principle of considering unbalanced out-
put voltages proposed in [4]. As shown in Fig. 3, each phasor of
phasesa, b,andc(i.e., Vu, V;,, V,) has alength equal to 1/\/_ per
unit (p.u.). By using phase b as a common, the phase difference
angle between V,; and V., (i.e., terminal voltages V; and V)
is 90°. When considering Fig. 3, by using a trigonometric rela-
tionship, voltage factors |A| and |B| responsible for direct and
quadrature axis output voltages, respectively, can be expressed
as follows:

|Al = V2% + 92,

|A|=ﬁsin(%—g) (6)

IEEE TRANSACTIONS ON POWER ELECTRONICS

Fig. 3. Phasor diagrams for determining voltage factors with increased 4.
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Fig. 4. Proposed location of the active space vectors SV3 and SVg extended
from Fig. 2.

|B| =

Then, let

o= - ®)

VA/IAD? + (1/1B])

If we let § = 0, then | A| and | B| become 1, which is a condition
for balanced two-phase output voltages with 90° phase differ-
ence angle. When changing the value of d, voltage factors | A,
| B|, and |C| will change in accordance with (6)—(8). As a con-
sequence, we observe changes in both the location and length
for two active space vectors (SVj, 5V ) and in only the length
for four active space vectors (SVi, S5, SVj, SV3).

The voltage factors are used for varying the amplitudes of
active space vectors in each sector. The proposed locations of the
two active space vectors 5Va, SV; are illustrated in Fig. 4. ¢ is
the angle by which the proposed two active vectors (SV3, SVg)
are shifted from the conventional ones as aresult of achange in .
By considering (6)-(8) together with performing trigonometry
from Fig. 4, the relationship between ¢ and 4 is

§
= —. 9
=g ®
The summary of these amplitudes, space vectors, and locations

is shown in Table I. The range of |A|,|B|, and |C| values is
between 0 and v/2.

Authorized licensed use limited to; Mahanakorn Univ of Technology. Downloaded on March 27, 2009 at 02:15 from IEEE Xplore. Restrictions apply.
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TABLEI
DEFINITION OF SPACE VECTORS U/} AND Us FOR EACH SECTOR OF THE
PROPOSED SVPWM

Sector U 1 U 2 T1 Tz Vl V2 (241 a,
_— - 2V, 2V, x
1 |500)5%(10)| Tov| Tov, ,—,;f iR
= A
2 w00 )5v;(110)| Tsv Tov, ﬁ IBT 3T”+¢ -
— 2V
3 |SV,(o10)sv,(o11) Ty, |Tw, %— ﬁ 377:+¢ T
ST 2, | 27
4 |svy(o0)|sv, ()| T, | Tov, |—§I‘ ﬁ 37” L4
] Do | el 3z |9
5 |V )sv,0t)| Tovf Tov, |BT Al 5 |a+¢
i We | 2, Tr
6 |5v(00)|5v,(01) Ty | T, 4 I 2z Ted

ITI. MODULATING FUNCTIONS

Space vector active times (T'sy 1, Tsys) for sector 1 are de-
rived by using (5) and Table I. Then

Tsyi . M|AI )
AT/2 - 2 sin(m/2 — 6p) (10)
Tsys — M|B| .
AT/~ 2 sin (0g) (11)

where M =V, /Vj, is the modulation index, and 0 < M < /2.

Phase leg reference voltages with respect to the midpoint of
the dc input voltage [1], representing modulating functions that
have a space vector sequence for sector 1 over the half period
of the switching as SV — SVi — SVi — SVz, are expressed

as follows:

Yao _ (Tsv1 o, Tsvs

Vae /_\T/2 AT/2
== (mgsm (— ~00) +Blsin(6)) - (12)

Vpo _Tsya 2 Tsva

Va.  \"AT/2 T AT/2
= 2 (< 141sin (T — 60) + Blsin (6)) (13
= 3111(2 0) + | B sin ( 0))

Vo _(_Tsvi _ Tsva

Vic AT/2 ~ AT/2

# (|A|sin (g - 90) + | B| sin (90)) - (14)

Similarly, by using Table I together with (5), space vector
active times and modulating functions for the remaining sectors
can also be calculated and shown in Tables II and III, respec-
tively. For example, calculated active times and reference volt-
age waveforms at § = 40°, M = /2 can be plotted as shown
in Fig. 5. The magnitudes of the orthogonal output voltages for

TABLE II
PROPOSED SWITCHING TIMES
Dy My T, M]A
5 o +| 2= Fhb74-a)
= g
2 g
17 %E M1|BJ_gn(9n) h %:@m(%_”)
T, M8 M § -
i Fw}z=s'“(3%+¢-gn) 1 A;fz_m/_]ﬁn(%+¢ 4)
5 ;
w T' MICI 7y, . M!C]
mivfz 25 (7 +¢ (G° V) A;m_m’y—*] {9 3’7)
|2 I Tw M o0 e
T ATIZ*ZS‘“(%%’) * £ a2 Wﬁ;} o
E g
@ oT M1 @ T, ) M|A| ' s
A;‘:'z—m(;y_]sm{ -354-4) Arn*ﬁ'—n_(%—-tﬁ]s‘"(@u i -4)

the unbalanced two-phase system can be expressed as

Vo F MV /2 cos (g - g) (15)
. T 0

Vi = MVy.v2sin (7 = ﬁ) (16)
4 2

= Vi +VE < 2Ve. (17)

From (15) and (16), output voltages can be adjusted by changing
values of the modulation index and 4.

IV. EXPERIMENTAL RESULTS

Reference voltage waveforms and SVPWM patterns are gen-
erated by a DS1104 dSPACE DSP controller board with a
TMS320F240 slave digital signal processor. The three-leg insu-
lated gate bipolar transistor intelligent power module inverter is
used with constant switching frequency of 5 kHz (i.e., carrier
frequency). Fig. 6 illustrates experimental modulating function
waveforms for § = 40°, M = /2 and fundamental frequency
of 50 Hz. It is evident that the measured reference voltage
waveforms are identical with the calculated ones as shown in
Fig. 5(b).

An asymmetrical-type two-phase induction motor with a rat-
ing of 370 W, 220 V, 50 Hz, 4 P, 1375 r/min is used for the test
with balanced (i.e., conventional SVPWM) and unbalanced (i.e.,
the proposed SVPWM) applied voltages. For the unbalanced
case, the applied voltages for both windings are in accordance
with V, = 1.7V in which 1.7 is the value of the turns ratio.
Figs. 7(a) and 8(a) show the motor currents and corresponding
current vector trajectories, respectively, for the balanced applied
voltages at a load torque of 2.5 N-m. The auxiliary winding cur-
rent (i,) leads the main winding current (ig) and has a lower
amplitude due to the higher impedance of the auxiliary wind-
ing. The current vector trajectory has a considerably elliptical
path with perfectly horizontal major axis. This implies that the

Authorized licensed use limited to: Mahanakorn Univ of Technology. Downloaded on March 27, 2009 at 02:15 from IEEE Xplore. Restrictions apply.
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TABLE III
PROPOSED NORMALIZED PHASE LEG VOLTAGES
2o i 0.} o) Yo = =M fgfin g, - )+ |afsn (4 - ]
— & - &
: 5&:%[-“@(—_9,,)43@(eo)} : po- = [ tsn 6, ) +14jsn (75 -0
(7] &

;%:=%[|AI (£-0)+iatnta)] e ¥ fojn 6, - ) +lasn 04 -0.]
e *ﬂ—]zm“} Fitsn(r54+4-6,)s clsnlo, 3%
§ | e smgetela-sdhtibrges-al | § | et mmtios-abitala-s7]

= m,y—)ici sin (6, -4 )+ |Blsin (7 +9-4, ‘VT’: Wiﬁ|5‘"(7’7 +-0,)+{clinlo, 37

; _ M . .

. V‘::E(%—_ﬁiclsm(n )+|A]sm(\9 3’7 gﬁ)} i ‘Esin_(,y—_]iAlm(Ho_7%_¢)+JC|9“(2”"50)1
;‘;ﬂ %:Wnchmx a,) |A|sm( —3"V }] § LZ— ;;(/—JIAI (6' 7’7 ¢) |Clsin (27— 0)]
=—(—)[ (clsin (-6, )+|]sin (6, 37/, ~¢] - =W_—¢][-|A\ﬂ(9of7%*¢)*lclsiﬂ(2frfﬁo)]

12 ) AN, " Presekgc

5.05 :5)
o Z 04
Z08 %
- R =
E £t
& 04 g o
=0 H
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Fig.5. (a) Calculated switching times of Ty, 7> and T} in p.u. and corresponding sectors in one period. (b) Calculated phase leg reference voltage waveforms.

low motor performance could be achieved due to unbalanced
magnetomotive force (MMF). Subsequently, significant torque
ripple may arise. Figs. 7(b) and 8(b) show the motor currents and
its current trajectories, respectively, for the unbalanced applied
voltages at the same load torque as the balanced case. Obvi-
ously, the auxiliary winding current is increased while the main
winding current is decreased. The ratio of the amplitudes of iy
to ¢, is about 1.7, which is close to the turns ratio of the wind-
ings. These results show good agreement with [4] and [5]. The
Pl i current trajectory becomes a bigger ellipse and the major axis of
i s0.omua T the ellipse is not perfectly horizontal. As a consequence, better

Traonz mtmi 900. Qusv ;"qu 50.00Hz H : g ] ) e
Mt R S Lo R o SN NN S balanced MMF is possibly achieved. This implies that better

performance by applying unbalanced voltages to both windings
could be achieved resulting from reduced torque pulsations as

Fig. 6. Experimental three-phase reference signals. mentioned in [4] and [5].
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Fig. 7. Motor current waveforms for both windings. (a) Balanced applied
voltages. (b) Unbalanced applied voltages.
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Fig. 8. Corresponding current trajectory. (a) Balanced applied voltages.
(b) Unbalanced applied voltages.

V. CONCLUSION

The implementation of an SVPWM strategy providing unbal-
anced two-phase output voltages using a three-leg VSI has been
proposed. With the proposed SVPWM method, the amplitudes
of the two-phase voltage outputs can be controlled by varying
the modulation index and voltage factors while the phase dif-
ference angle is kept constant at 90°. It is possible to apply the
proposed method to an unbalanced two-phase induction motor
drive for improved performance.
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Paper

Realization of a Carrier-Based Unbalanced Output Space Vector PWM
Strategy Using Analogue and Digital Techniques for Three-leg Voltage Source
Inverter Fed Two-Phase Induction Motors

Ch. Charumit* Non-member

V. Kinnares* Non-member

This paper proposes the realization of a carrier-based space vector pulsewidth modulation (SVPWM) method using analogue
and digital techniques. This PWM method provides unbalanced phase outputs for a two-phase three-leg voltage source inverter
(VSI). The principle is fully described. The proposed space vector equivalent phase leg reference voltages are derived from
conventional ones. With the proposed SVPWM method, the amplitude of the unbalanced phase voltages can be easily controlled
as required whilst the phase difference angle is kept at 90 degrees. This characteristic is suitable for a control method of an
asymmetrical type two-phase induction motor. The validity of the proposed method is verified by both calculated and
experimental results under a variation of PWM parameters with resistive-inductive and motor loads in terms of space vector
equivalent reference waveforms, current waveforms and space vector trajectories and so on.

Keywords : Carrier-based space vector PWM, asymmetrical parameter type two- phase induction motor, three-leg voltage source inverter

1. Introduction

In recent years, single-phase induction motors (SPIMs) have
been widely used in low power residential and industrial
applications. However the motors have experienced several
problems such as low efficiency, low power factor, torque
pulsations and so on [1]-[3]. They are normally supplied from a
single-phase ac source of constant frequency and voltage resulting
in single speed operation. As a consequence, the motors encounter
low efficiency particularly under a light load condition. When
energy saving is seriously concerned, a variable speed SPIM
drive is likely to play an important role since it can arrange the
proper match between supplied power and load power
consumption over a wide speed range. It is not easy to achieve
high performance over a wide range of operating conditions
without using variable frequency drives. The reduction in the cost
of the power electronic circuitry and importance of energy saving
issue has made possible the use of a variable single phase
induction motor drive system.  Many research efforts have been
made in improving the drive performance not only by a control
method but also by a PWM strategy [1]-[14]. The comparative
performance evaluation between two-leg and four-leg VSI drives
can be found in [I]. A two-leg VSI provides the lower motor
performance than a four-leg VSI because of the quality of PWM
scheme as well as dc link voltage utilization. Some publications
have reported the three-leg VSI drives with their own modulation
strategies [3]-[6] and [12]. The conclusions of almost the same
performance between three-leg and four-leg topologies were
reported in [6]. However, the four-leg VSI has a main drawback in
switching device counts. Additionally, the three-leg topology is
now available in a commercially compact intelligent power

*Department of Electrical Engineering, Faculty of Engineering, King
Mongkut’s Institute of Technology Ladkrabang, Bangkok 10250, Thailand

module (IPM). To optimize between cost and performance of the
drive system, three-leg VSI is a good trade. Since each motor
winding voltage supplied from the three-leg VSI has the same
common node at the inverter branch, the normal regulating
function cannot be succeeded for the unbalanced two-phase
voltage control methodology. A specially modulating PWM
strategy to accomplish a wide range of variable speed operation of
commonly existing machines for the three-leg drive is needed. An
asymmetrical parameter type two-phase induction motor is
probably adapted from an existing single-phase split capacitor
induction motor (SPCIM) by removing a capacitor out from the
auxiliary winding and separating main and auxiliary windings.
This modified two-phase induction motor could be considered as
an alternative choice for houschold appliance in which a
three-phase induction motor and three-phase mains supply are not
available and the performance of an existing SPCIM needs to be
improved for variable speed drives.

E @ 5}

Fig. 1. Three-leg PWM voltage source inverter supplying a
two-phase induction motor.

[l
min

1
min
1

As shown in Fig. 1, a three-leg VSI providing two phase outputs
is increasingly interested for two-phase drive applications due to
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good dc voltage utilization, reduced total harmonic distortion of
currents and availability of three-leg modules [3], [6] and [12].
Unbalanced two-phase voltage supplies with variable frequency
have proved better performance of an asymmetrical parameter
type two phase induction motor [3] and [10]-[14]. In order to
achieve such improvement, the relationship between voltages and
frequency for both windings is that the auxiliary winding voltage
is higher than the main winding voltage with the linear
relationship of ¥, =a¥; where «a is the turns ratio of windings
(auxiliary/main) [1],[3]-[5], and [12]. The requirement of such
appropriate voltages for both windings of the motor is possible
with the proposed method in this paper.

The aims of this paper are to implement the new unbalanced
two-phase output SVPWM by both analogue and digital
techniques, to derive mathematically modulating functions for
both the conventional balanced two-phase output SVPWM and the
proposed one for the digital method, to verify the correctness of
the proposed method and to improve the performance of the
modified unbalanced parameter type two-phase induction motor.
This paper starts with fully describing the principle and
mathematical equations for the conventional and new methods.
Then, the simple analogue modulator is realized. The proposed
PWM method is derived from the convention one. The proposed
digital SVPWM method is implemented by a DSP platform. The
experimentally space vector equivalent references and SVPWM
patterns obtained from the DSP are compared with those obtained
from the analogue modulator. The experimental results are also
compared with the calculated ones. The R-L and motor load
testing has been conducted to verify the validity of the proposed
method.

2. Two-Phase Output SVPWM Strategy

Presently, SVPWM is a popular method, particularly for a
three-phase VSI since it offers various advantages over other
strategies such as simplicity in implementation, wide linear
modulation range and less harmonic distortion [18]. SVPWM is
well established for a three-phase system with the digital
implementation [6]-[9] and [15]. For a two-phase system,
particularly for unbalanced outputs there are a few works to reveal
the explicit principle and space vector equivalent mathematical
functions.

Carrier-based SVPWM is an alternative method to classical

SVPWM which is easy to be implemented not only by digital but
also by analogue techniques [15] and [18]. It can reveal obviously
the space vector equivalent modulating functions. SVPWM based
on the analogue method is seldom reported although it offers low
cost implementation, an essential basis for being derived to other
techniques and a better understanding of modulating functions.

A generation method of the proposed carrier-based unbalanced
two-phase output SVPWM patterns and corresponding waveforms
at various points of the main power circuit is illustrated in Fig. 2.
vt vt vs" are space vector equivalent references of each phase
leg which are non-sinusoidal waveforms contaminated with odd
harmonic components. Switched waveforms for each leg are
obtained from a comparison between a common triangular carrier
wave and each space vector equivalent reference. By using phase
leg b as a common phase leg, two-phase outputs are achieved from
a difference of voltages between points a-b denoting asv, and

voltages between points c-b denoting as v, . The resultant
fundamentals of the two-phases can be adjustable whilst the phase
difference angle is kept constant at 90 degrees.

i i B B B O A
SA 1 [

e e e N I N IR T/
_ILl 0 5 O N O 0 O

bl Tl (1 I_Ilj[—]r_ll—ll_lkv
L S, TP 1L co

A%
=2V,
7,

~20,

W,

"] a5 90 135 180 225 270 315 360

Angle (degrees)

Fig. 2. Carrier-based unbalanced output SVPWM signals,
three-phase leg output voltages and unbalanced two-phase output
votages.

2.1 Analogue Method

2.1.1 Conventional Balanced Qutput SVPWM

If let phase b be a common phase, two-phase reference
signals are vz for v, and vy forvy, . The relationship between
two-phase and three-phase reference systems can be written in a
matrix form as

Vg4 I -1 0 Var
Ve =10 =1 F W, |l (1)
Vo 0 o 1eN0 || vys

where v, is a common phase .

From (1), a phasor diagram for the relationship between two-phase
and three-phase systems can be drawn as Fig.3.

Fig. 3. Relationship between three-phase and two-phase
phasors for balanced outputs.

According to Fig. 3, representing the phasors of the
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fundamentals of phase leg voltages and two-phase output voltages,
the three phase reference signals can be expressed as

Vgr =M sin(wt) ...................................................... )
Vor = msir{a)t = %J ............................................... 3)
Vep = msin(a)t L S —— 4

The inverse matrix of (1) in terms of the required references is
obtained as

Vg 1 0 1vy
Vi (=10 0 L0 | a0
*
vj 011 v,
Theref ore
il L T
v, =vy 4V, =m ZCOS[an—?}FvZ .................... (6)
vg*avz ..................................................... (7
v = vq‘ +v, = mﬁcos(a)n £J+ vt . V. .- (8)
where

* . . .
v; =required direct axis reference

. ; i
v; = required quadrature axis reference

m = the modulation indexand 0 <m <1

Vp = BB ©)
Voax = Maximum{v;s,v;s,()} ................................. (10)
Vain = M:'rzimum{v;c,v;s,O} ................................ (11)

The max/min expression defined in (10-11) centers the
sinusoidal reference around zero at all times [17]. From (6) and (8)
the zero sequence component signal (v, ) is added to the required
direct and quadrature axis voltages for the required phase a and
phase ¢ references v;‘, vcst, respectively. The required phase b
reference vg‘ is set to be the zero sequence component signal.

From (1)-(11), an analogue space vector modulator for
generating SVPWM patterns can be implemented as shown in
Fig.4. The detail of the circuit operation can be described as
follows. Firstly, the desired two-phase references are rectified to
produce their envelope magnitude, this magnitude is scaled by 0.5
and is then added as an offset to each voltage reference. The
outputs of the summing circuit are the required three-phase
reference signals. These signals are a production of the
transformation between two-phase and three phase references.
Then these signals are compared with a high frequency triangular
carrier to obtain PWM signals for upper switches (S, S§3 ,Ss)
of the main power circuit. Note that the voltage drop across diodes

can be compensated approximately by Rcomp. However this
voltage drop compensation is not accurate due to non-linear
characteristics of the diodes.

By using (2)-(4) in conjunction with the DC voltage, the
fundamental output voltages for each phase are expressed as
follows:

Amplitude
ey

Vi =mw/§VdC cos[a)f——j—:—) ............................... (12)

Amplitude
4
v =my2Vg cos[cut + E] ................................ (13)

The fundamental voltage waveforms represented by the above
equations can be seen in Fig.2.

Summing Comparator

¥ R i ) T B

Vrmx 1 R R \]v‘g*lf \
. | R %‘ iYai R Va(S1)
R e han

|

<
58
Bl
Ll
Bl
|

Ll Bl

Q
2
-
=l
L}
Bl
=l
L gl
[
=]
L .
ol
Tt
e i e il e e el
-]
-
=
E'%
)

-V _)AVBVQVA\_ Triangular
¥ wave

Fig. 4. Naturally sampled analogue space vector modulator.

Fig.5 shows the calculated waveforms of the space vector
equivalent phase leg b reference (vgt) or the zero component
signal (V,). Note that the average of the sumv . and v ;,
arc used for determining V, . The 50 !;Iz space vector equivalent
references for each leg of the VSI (V, , v, ,V, ) are illustrated
in Fig. 6 which will be used to compare with the common
triangular carrier for generating SVPWM patterns. It is noted that
these waveforms are non-sinusoidal due to contamination of the
zero component. Space vector equivalent waveforms of phases a
and ¢ are out of phase. The phase difference of these waveforms is
in accordance with the phasors in Fig. 3.

o 0.01 0.02 0.03 0.04
Time(s)

Fig. 5. Calculated voltage signals at various points of the proposed
analogue circuit for balanced two-phase outputs.



143

-

=]

[
-

N

-

Phase-leg reference voltage(in P.U)
o

'
-

(¥

0 001 0@ 003 004
Time(s)

Fig. 6. Upper: calculated three-phase leg reference signals,
bottom: resultant two-phase reference waveforms

. % s% _gF5t 5*
(vg =vg -vp , Va7 "W Vb ).
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oCc 11 b oc 11

T Sme/dv
£ : (Smsydiv)

mTracel= Mak 6.600Y : Mih  0.000v @  Frpq 49,75Hz
=Trace2= Mak  0.000V Min -6.800v :  Freq 49,504z

Fig. 7. Measured waveforms at various points of the proposed
analogue circuit for balanced two-phase output SVPWM.
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Fig. 8. Measured three-leg reference signals.

T
i (Smsidiv)
| HORM200kE/5

lsTracer= Max  7.200v Mip =7.200% Freq 49;50Hz
[aTrace2w Max 7.000v |  Mip =7.200v Freq 49:75Hz

Fig. 9. Experimentally resultant two-phase reference signals.

In order to verify the correctness of the proposed principle,
the modulator was designed and implemented with aprropriate
parameters. Figs.7-8 show examples of experimental results
measured from the implemented modulator. Fig.9 shows the
resultant two-phase references otained from the signal diference
between phases a and b (v —vj ) for the direct axis reference
voltage signal and between phases ¢ and b(vj‘ —v;‘) for the
quadratue axis reference voltage signal. This shows that
harmonic components comtaminated in three phase references
are eliminated for two-phase references. This also confirms the
relationship between three-phase and two-phase referencs of the
transformation. Obviously, the results from Figs. 7-9 are
identical with the calculted ones from Figs.5-6. Therefore these
results confirm that the proposed modultor operates correctly
and efficiently.

2.1.2 Proposed Unbalanced Output SVPWM

In order to implement new unbalanced output SVPWM, the
phasor diagram of the balanced output SVPWM is used as a
reference. The phasor diagram can be created as shown in Fig.
10 adapted from [4]. Phase b is shifted by a phase
angle d resulting in a change in amplitude values of direct axis
voltage (Vd)and quadrture axis voltage (V;.,) As a consequece
the amplitude value of v, is higher than that of v, whilst the
phase difference angle is still 90 degrees. The instataneous
equation of vy, is only changed into

Vor =msin(a);—%+6} ........................................ (14)

This equation will be used in the same process as the balanced
SVPWM in generating PWM patterns. (i.e, (1)-(11))

Fig. 10. Relationship between two-phase and three-phase
phasors for unbalanced outputs.

The fundamental output voltages for quadrature and direct axis
voltages are as follows:

Amplitude
T 0 T 0
=m2V . sin| ——— |cos| @ ——+—|.ccoiiiiinnnn. 15
"a’lma’cl{4 2}[ 42J (15)
Amplitude
T 6 T 0
vql=mZVdCcos(Z—EJcos[mt+z+-2—].................(16)-

where
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seasin | (17)
mZ\/EVdC

and (Vd)2 + (Vq )2 <2Wy, (DC bus voltage)............ (18)

where I/, and , are the amplitudes of the direct and quadrature
axis voltages, respectively.

o
3]

Voltage(in PU)
g o

-15

0 0.01 0 om 004

Time(s)
Fig. 11. Signals at various points of the proposed analogue circuit
for unbalanced outputs.

It is noted that if & is zero, (15) and (16) are the same as (12)
and (13), respectively for the balanced SVPWM. Figs.11-12
illustrate the calculated waveforms at various points of the
proposed circuit for the unbalanced outputs. As shown in
Figs.13-15, again, for unbalanced SVPWM, the measured results
are identical with the calculated ones. These confirm the
effectiveness and correctness of the proposed modulator. As an
example for unbalanced SVPWM, the PWM pattern switches are
given in Fig.16 and the equivalent PWM output is also displayed
by subtraction between S1 and S3 signals. Obviously, it can be
seen that the frequency of switches is 5kHz from the display of the
digital oscilloscope. This value is the carrier frequency or the
switching frequency.
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Time(s)
Fig. 12. Calculated three-phase leg reference waveforms and two-
phase reference waveforms for unbalanced outputs.
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Fig. 13. Measured waveforms at various points of the proposed
analogue circuit for unbalanced outputs.
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=Tracel= Mak  4.800Y Mif -5.000v
=Tracez= Mak 5.200¥ & Mip -5.400v -

i
i

Fig. 14. Measured three-leg reference waveforms for unbalanced
outputs.
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Fig. 15, Experimental two-phase reference voltage waveforms for
unbalanced outputs.
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Fig. 16. PWM patterns from the modulator (from S1, S3 and
resultant difference between S1 and S3).
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2.2 Digital Method

2.2.1 Conventional Balanced Output SVPWM

The principle of two-phase SVPWM for the three-leg VSI is
derived from three-phase space vector modulation which divides
into six hexagonal sectors with 60 degrees depart each sector [15]
and [16]. For two-phase SVPWM, the common leg must be used.
In this work, phase b is used as the common phase. In the
switching states of SVPWM, the upper switches §;, S§; and Ss
of the main power circuit are assigned with either “1” or “0” equal
to turn-on and  turn-off,  respectively. The  lower
switches Sy , S¢ and §, are opposite states against the upper
switches in the same leg. The DC bus voltage is 2V, . The
switching states, corresponding output voltages and space vectors
are shown in Table 1.

Table 1. Switching states, corresponding output voltages and space

vectors.
S S8 g vy | SV,
0ololo]| o 7,
t{ofof2v,| o [
1|1 jod o |-2v, | S¥;
1010 {—2F =2V, A

0
o[ 4|1 |- o hsE
0

| Bl @ —— -
1 0| ™ Vi) prii=t=sps
0 e

I Y g im(- qhais

| F(on)
\ ()

Fig. 17. Conventional location of active space vectors in a d-q
plane and an arbitrary output voltage.

As shown in Fig, 17, there are six possible voltage
vectors S_Vl, S_V;m and two null vectors m,m . Four
active vectors ﬁ SVZ,S_V—,§I€ have a length of 2V, and
two active vectors (FV;, m3 _have a length of ZﬁVdc . Desired
output voltage space vector V; in a vector form, which is a
rotating vector with a circular trajectory, can be calculated in
terms of the average of a number of these space vectors within a
half carrier period in each sector as

1 B = W
Vo=V, 28y =—L U+ —2—Us eoorccereoeeereesrreren. 19
@ Tre= T AT Y AT 2 {19
Up = V18 oo (20)
T T T—— (1)
7:Tl +T2 +TSV0 +TSV7 ................................... (22)

where [_iTandU_z are the two adjacent vectors; ¥y, F, are the
magnitudes of the space vectors; @ is sapling position; a;,a;
are angles for the two adjacent vectors; 7;, T,are active times
for the two adjacent vectors; Tgpq,7gy7are times for null
vectors; AT is a carrier period. More details can be found in [7].
Generally, for a symmetric space vector pulse pattern, space
vector time for each zero switching state ( 7y , Ty/7 ) is set to be
equal. The relationship between active times and the desired
output voltage for each sectorcan be expressed in a matrix form as

i 8

A% ” v, sin(ery —6p) (23)
4 Bl \N) |
AT/ \

Active space vectors and corresponding times magnitudes and
location for all sectors are shown in table 2.

Table 2. Quantities of the conventional SVPWM.

Sectors| U, | U, | T | T2 |4 v, o | &
¥4 57, M Bl To | 2l f BV | O | =/2
2 |57, | SV, 'TW, Ty (2v21,| 2v, |37/4]| /2
3 |sv, | v, | T, | Ton | 220, | 20, |37/4]| =
& N AT, T |To | 2w, | W, |322] =
s |\, |V | T, | T, | 2V |2v2V,|32/2 |72/4
6 ||\, | To| T | 2V, |2V2V.| 27 [72/4

By using (23) and Table 2, space vector active times (TSV] Tsv2)

for sector | are arranged as follows.

TSVl = —Sln[E —90]% .................................... (24)
. AT
TSV2 = —SlH(GO )T .......................................... (25)
4 35 G §
where M= V" which is the modulation index.
de

It is noted that TSV, +Tsp, < é-zz Using (24) and (25) yields
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Toy, +Tsr, 20,
ATI2 2V,

cos(% il J 23 . (26)

From (26), the condition for maximum possible magnitude of ¥,
oceurs at gy = ”4 which givesV, = ﬁVdC . As a consequence,
0<M< JZ- . The maximum phase voltage is approximately 70 %
of DC-link voltage [7] and [17]. This characteristic is one of the
major advantages of the three-leg VSI. Fig. 18 shows the pulse
patterns of the phase leg voltages with respect to the midpoint of
the DC bus voltage, corresponding space vector states, and space
vector times in each sector for conventional space vector PWM
with equally spaced zero space vector SVO and SV .
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Fig. 18. Symmetric pulse patterns of space vector modulation in
each sector.

The reference (average) values for the three-phase leg voltages
over the time interval A7/2, which have a switching sequence
for sector 1 in a half period of switching as
S_VOASTVT»E%E [15] are

[ Tg . T
=5 e L O A2
R AT AT =
. T
=W L LSSV | rerevesmmemerares 28
bo dc AT/Z AT/2 (28)
[ 7 Tt
Vg —ESHLL FOVR .| eress oo 29
Veo =Vde AT/2 AT/2 29)

By substituting (24-25) into (27-29), phase leg reference voltages
with respect to the midpoint of the DC bus voltage, which are
considered as modulating functions representing equivalent space
vectors, can be expressed as

w M. .
;E < ?[Sm[%—é’o}{— sin(g, )J ............................ 30)
Vio _ M e £_ :
_Vdc R l: sm( > &y ] + sm(@o )] ......................... (31
; -M| . .
%: T|:5111(%—GOJ+5m(6’0 )} ......................... (32)

Similarly, according to Table 2 and (23), with the same process,
space vector active times and modulating functions for the
remaining sectors can be achieved as shown in Table 3. Switching
times7;, 75, and T, in the half period of the carrier can be
plotted as shown in Fig. 19(a). Corresponding phase leg reference
voltage waveforms can also be shown in Fig. 19(b). These are
space vector equivalent waveforms which will be used to compare
with a common triangular carrier to generate PWM patterns.

Table 3. Switching times and Normalized phase leg voltages

Switching times Phase leg reference voltages
TL:MS{‘"{E—‘%J 7§ M[““(/ 6 )vsin @]
ATIE\ 2 A
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: | &
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5 = [sm(/ +sm(€?}]
@
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. 19. (a) Calculated switching times of 7,,7, and T, (inp.u.)
(b) Calculated phase leg reference voltage waveforms.

*1]
as

2.2.2 Proposed Unbalanced Output SVPWM

The principle of the carrier-based unbalanced two-phase output
SVPWM using the three-leg VSI is derived from the conventional
balanced two-phase output SVPWM as mentioned before. The
differences are magnitudes and location. The magnitudes of the
proposed space vectors are obtained by scaling the magnitude of
the conventional ones by voltage factors|A| ,|B' and|C] . Voltage
factors can be determined which are based on the principle of
considering unbalanced output voltages proposed in [4], [5] and

[12].

Fig.20. Geometrical relationship for determining voltage factors
for a given value of positives .

As shown in Fig. 20, let cach phasor of phases a, b, and ¢ has a
length equal to1/v2 p.u. By using phasc b as a common, the
phase dlﬁ'erence angle between V and Vcb (i.e. terminal
voltages Vd andV ) is 90 degrees. thn considering Fig.20,
by using trlgonﬂmctry relationship, voltage factors IAI and |Br
responsible for direct and quadrature output voltages, respectively
can be expressed as follows.

2
1 o
|B|= [ﬁ + x} +y? ;|B|=42 cos[% _EJ .............. (34)

Then let |C| be the
diagonal space vectors |SV3, SV
trigonometry, |CJ becomes

1
)= (35)

J14F + (187

nother scale factor responsible for the
j as shown in Fig. 21. By using

5"

Sos 3

E Hoz

F0d g

£ 1

2 2

g

B

o £ O 15 \Lﬂ wm 3ns am

Angle (degress)
(b)

If let & = 0, then|4], [B|=1 and |C| = 1/\5 which is a condition
for balanced two-phase output voltages with 90 degrees phase
difference angle. When changing a value of & , voltage
factors|4|,|B| and|C| will change in accordance with (33)-(35).
As a consequence, the changes in both the location and the length
for two active space vectors SV, 5 SV6 and in only the length for
four active space vectors SV, SV, SV4,S_V5- occur. The voltage
factors are used for varying the amplitudes of the active space
vectors in each sector. The range of|A[,[B| and !C| values is
between 0 and v/2 .

As shown in Fig. 21, ¢ is the angle that the proposed two
active vectors |S¥3,S Vﬁ)are shifted from the conventional ones
resulting from a change ing . In order to find the relationship
between ¢ andd, by performing trigonometry, the following
equations are derived.

37(0")) gﬂlg_
|C| q — axis
(‘ R, R ?
| ,lﬁec?ar 21“3 SEC!U:[
gt - -
I : g~ SV:(uufﬁ
i A A i
e ‘ * e
, o Il:ﬂ)l
QL 4| Sec!oz 6]
= FTT9L | 0 W =N |
Seerordny () 080 |
SV (v01) WG(](H ;

Fig.21. Proposed location of active space vectors E and SV .

tanyrgi'{::(?; jé) [E—é]................(36)

T & T
Then, =———_ Since y; = —, thus
en V2 9 > ince y y us
T )
S — VS m e 37
g=n-r 7 > 37
Then, ¢=§ .................................................... (38)

The desired output voltage and space vector plane can be
displayed in Fig.22 for a given positive 5. Unlike the desired
balanced output voltage yielding a circular trajectory, the desired
unbalanced output voltage gives an elliptical trajectory as the
dotted line. The axis of the elliptical trajectory can be either
vertical or horizontal depending on the direction of & (i.e.
positive & for vertical ( ¥, >V, ), negative & for horizontal
( Va=>V,)). Due to the similar principle to the conventional
balanced SVPWM, the mathematical calculation of switching
times for the proposed method can be dealt with in the same
manner as for the conventional one as mentioned -earlier.
According to Fig. 22, the location, magnitudes and active times of
the proposed space vectors can be summarized in Table 4.
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Fig. 22. Proposed location of six active space vectors and an
arbitrary voltage vector trajectory at positive & .

Space vector active times (TSVI,TSW) for sector 1 can be
determined by using (23) and Table 4 as follows.

Ton,__ M4
= VAL e e A Y. 39

ATI2 2 sm(é ") 37)

Tov, _M|B

—f—= inlty ] = ... ety B @ .8 40

T ) (40)

where OSMSJE.
Table. 4 Quantities of the proposed SVPWM.
Secor | U, | U, |T,|T, 4 V1% | &y

_ AN w, | Ve .3

I 5700 )57, (10)] Tsvr| Tsv, I—AT_ EY A4S
I - W, | e |3 z

2 lsvy(010)]sw,(10) TSV_, Ty, T | T —4’5+¢ )

W,

3 |57 (010 Y57, (o11)| s, | T, % T %M’ m
R W, | 2v

4 |Tl)sion) Tov) Tor) o | T e
ST s Vo | Wel g, |4

5 (oo )srton) Tonf T T | | 22 | Z2vg
| We | 20 Ix

6 |50 ) v 00 To | Tor| Tl | T | 27 b

The proposed phase leg reference voltages with respect to the
midpoint of the DC bus voltage, which have a space vector
sequence for sector lover the half period are expressed as follows.

—Z—" = %UAI sin(g - 90] +|B]sin(6y )J .................... (41)
;—’;"— = %’{(- 4] sin[—;i - 90J+ |B| sin(t?o)J .................. (42)
1% = %[]/ﬂsin[g - 90J+ | B]sin(@p )} .................. (43)

Similarly, according to Table 4 and (23), space vector active times
and modulating functions for the remaining sectors can also be
expressed in the same procedure and given in Tables 5 and 6,

respectively.

Table 5. Proposed Switching times

To, _MAL (s To, M
L e
2 -
g Ty, MIB| % Tz, M|
(T8 W L O | Aoy _
arsa= o o) AT a STy e -%)
Vs, Mg Te, _ Ml s‘m(”fyw—e)
—_—i= S T/ +d—@. e o 4 i
E AT/2 2sinlfr/;+¢)““(/4 ¢-a,) E ATI2 25n(7, +4)
o o
4| I, Mc] S| T Mc
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AT/2  2sin %H’ sm( /2) AT /2 Zsini{!/4+¢:| [’ A)
T Micl. L
= -8, = = 27-6,
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Table 6. Proposed normalized phase leg voltages
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The magnitudes of the orthogonal output voltages for the
unbalanced two-phase system can be expressed as

Vs =V = M|l (44)
[z & .

Vy= MVdcﬁ sin 173 (using peak voltage)............ (45)

Vo =V = MVge| B oveeecc (46)
/) .

Ve = MVdC\/Ecos 15 (using peak voltage)........... 47

s Unbalanced (V)
L
E’A _, Balanced (V= V)
£ i
£ Unbalanced (V
= nbalance
g -[a7 2
] s
g P
& #
Vd
~
&
'~
I f E oF
05 1 ﬁ Modulation

index
Fig. 23. Fundamental voltages against the modulation index.

Fig. 23 shows the variation of magnitudes of fundamental
output voltages with the modulation index for both balanced and
unbalanced cases. AV is the voltage difference of the two-phase
outputs in the case of V, >V, . This characteristic of the voltages
is suitable for an asymmetrical type two-phase induction motor
drives which gives Vq =al,[1],[3]-[5] and [12].

According to (45) and (47), output voltages can be adjusted by
changing values of the modulation index M and § which &
depends on the voltage factors. Therefore, desired unbalanced
output voltages are achieved with changing such parameters.

For example, calculated active times for each sector over a

period and reference voltage waveforms using Tables 5 and 6 at -

5=40° and M =42 can be plotted as shown in Figs. 24 and 25
respectively.
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Fig. 24. (a) Calculated switching times of 7},75 and 7}
(inp.u.)at 5=40°, M=\/5.
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Fig. 25. Calculated phase leg reference voltage waveforms at
F=40" , M=42.

(b)
Fig. 26. Calculated voltage trajectory (in p.u )
(a) 0°<5<80%, (b) -80° <5<0°.

(2)

These calculated results can be compared with the results from
Fig. 19 and from the publications in [7], [8] and [17] which are for
balanced output voltages to see how the characteristics of the
proposed method are different from. It is noted that, obviously,
sectors 2,3,5 and 6 occu py the angle range different from the
balanced case. Fig.26 shows the calculated voltage space vector
trajectory (normalized with ¥, ) under a variation of & for
positive and negative values at maximum M =+2 . For the
positive & , an increase in a value of ¢ causes an increase in the
magnitude of the major axis of the elliptical locus and a decrease
in the magnitude of the minor axis (i.e. Vg > Vya). Similarly, for
the negatived , an increase in a value of & causes the same
manner as for the positive & except opposite axis (i.e. V, > Ve
Ford =0, the voltage trajectory is circular which is the balanced
outputs (i.e. ¥y =V).

3. Experimental Results

The Overall system for verifying the proposed method using the
digital technique is shown in Fig. 27. Reference voltage
waveforms and SVPWM patterns are generated by a dSPACE
DS1104 DSP controller board with a TMS320F240 slave digital
signal processor. The three-leg IGBT Intelligent power module
inverter is used. In an initial stage, in order to verify the
correctness of the proposed method, a balanced load with highly
inductive RL type was used. Each phase of the load has a fixed
R=24Q and L=426mH. Constant switching frequency, inverter
frequency and DC input voltage are 5 kHz, 50 Hz, and 300V,
respectively. The test was performed with conditions
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of §=0°, M=+y2 for a balanced output case and
§=+40", M =42 for an unbalanced output case.

Vo T

T | 4}

Ve L] st
ﬂ Gate drive signals

l PWM signals & ADC interfacel

Servo

20 M Load

DS 1104R&D

Controller Board C:'}I

Host PC 1

Fig. 27 Overall proposed system.
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Fig. 28. Experimental three-phase reference signals.
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Fig. 29. Experimental two-phase reference signals at § = 40°

Fig. 28 illustrates experimental modulating function waveforms
for both cases. It is evident that for the measured reference voltage
waveforms as shown in Figs. 28 (a) and (b) are identical with the
calculated ones as shown in Figs. 19(b) and 25 for the balanced
and the unbalanced cases, respectively. Fig. 29 illustrates the
resultant unbalanced two-phase reference signals. It can be seen
that the phase leg reference signals are non-sinusoidal waveforms,
but the two-phase reference signals are purely sinusoidal
waveforms with different amplitude. The amplitude of v, is
greater than that ofv,, . Obviously, it implies that the actual
unbalanced phase outputs oceur (i.e. ¥, >V for the positive § ).
The results show excellent agreement with those obtained from
the analogue method as presented earlier. These confirm the
validity of the proposed method. PWM output voltage and current
waveforms for both cases are shown in Figs. 30(a) and 31(a).

1

oy

Ldldv..

4008 A

(a) (b)
Fig.30. (a) Output phase voltages (v, v, ) and output phase
currents (iy,iy ) atd = 0" (b) Current trajcctory ats=0".

i

(b)
Fig. 31(a) Output phase voltages (v, ,vy ) and output phase current
currents (iy,i, ) atd = 40° (b) Currcnt trajectory at § = 40° .

yo | _
qL; by

i

() (b)
Fig. 32 (a) Output phase voltagcs (vq, v, ) and output phase
currents (iy, i, ) atd = -40° (b) Current trajectory atd=-40°.

It can be seen that for the balanced case, the amplitude of the
cutrents for each phase is equal whilst for the unbalanced case, the
amplitude of the currents for each phase is unequal. This is due to
the balanced load but unbalanced applied voltages. Apparently,
both cases yield 90 degrees phase difference angles between d and
q phases for both PWM output voltages and currents. As shown in
Figs. 30 (b) and 31(b), the current vector trajectory in the complex
plane for the balanced case has a perfectly circular path whilst the
current trajectory for the unbalanced case has a perfectly elliptical
path with vertically major axis. Fig. 32 shows voltages and
currents for the unbalanced case with §=—-40". This condition
gives ¥V, <Vy thus i, <iy . Therefore the current vector
trajectory has a perfectly elliptical path with horizontally major
axis. Results from Figs. 31 and 32 show the conditions in
accordance with Fig. 26. According to all results, they confirm
that the proposed method can be implemented correctly and
effectively.
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The another test with the asymmetrical type two-phase
induction motor having parameters given in the appendix A was
performed with balanced and unbalanced applied voltages. For
the unbalanced case, the applied voltages for both windings are in
accordance with ¥, =1.7V; . Figs. 33 (a) and 34(a) show the
motor currents and corresponding current vector trajectory for the
balanced applied voltages at low speed and load torque of 1 Nm.
The auxiliary winding current (qu leads the main winding
current (t'd)and has a lower amplitude value due to the higher
impedance of the auxiliary winding. The current vector trajectory
has a considerably elliptical path with perfectly horizontal major
axis. This implies that the low motor performance could be
achieved due to the high level of backward torque. Subsequently,
the significant torque ripple may arise. Figs. 33(b) and 34(b) show
the motor currents and its current trajectory for the unbalanced
applied voltages. Obviously, the auxiliary winding current is
increased whilst the main winding current is decreased. The ratio
of the amplitudes of iy to i, is about 1.7 which is in close
agreement with turn ratio of the windings (a) as given in
Appendix A. These results show good agreement with [4] and [5].
As a consequence the current trajectory becomes a bigger ellipse
and the major axis of the ellipse is not perfectly horizontal. This
implies that the better performance by applying unbalanced
voltages to both windings could be achieved resulting in reduced
torque pulsations as mentioned in [3]-[5] and [12].

Fr R T e T
s AW ] ] '
_/ v/ )
Lk o]
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(a) (b)
Fig. 33. motor current waveforms for both windings at inverter of
20 Hz (a) balanced applied voltage case (b) unbalanced applied

voltage case.
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Fig. 34. corresponding current trajectory at inverter of 20 Hz (a)
balanced applied voltage case (b) unbalanced applied voltage case.

Figs. 35 and 36 show the motor currents and their trajectories at
high speed and load torque of 2.5 Nm for both cases. The
characteristics are similar to the low speed operation except
current amplitudes and shape sizes of trajectories due to the

12

increased load torque.
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Fig. 35. Motor current waveforms for both windings (a) balanced
applied voltages (b) unbalanced applied voltages case.
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Fig. 36. Corresponding current trajectory at inverter of 50 Hz (a)
balanced applied voltages (b) unbalanced applied voltages case.

35 T T B

fUnb:alan:cedi voltage

ok nN
4] N 2]

Load torque (N.m)

a5

(=1=1

150 300 450 600 750 900 1050 1200 1350 1500

Rotor speed(RPM)

Fig. 37. Comparison of torque-speed characteristic curves at
various inverter frequencies.

Again, in order to confirm the capability of the proposed
method (i.e. unbalanced phase outputs) for the improvement of the
electromagnetic torque when comparing with the conventional
method (i.e. balanced phase outputs), the test with varying the
inverter frequency and motor load torque has been conducted. As
shown in Fig. 37, at the same load torque, the slip speed of the
motor supplied from the proposed method is lower than that
supplied from the balanced voltages. This means that the proposed
method provides the improved electromagnetic torque thus
obtaining the better speed regulation.
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4, Conclusions

This paper has proposed a carrier-based unbalanced output
phase voltage SVPWM method for asymmetrical two-phase
induction motor drives using a three-leg VSI. The principle and
implementation have been fully given through both analogue and
digital techniques. The mathematical equations representing space
vector equivalent phase leg reference voltages for the conventional
and proposed method have been derived. The proposed method
provides unbalanced voltages of the two- phase outputs controlled
by varying the modulation index and the voltage factors whilst the
phase difference angle is kept at 90 degrees. The results have
shown apparently the correctness of the proposed method and
improvement of the motor performance.

Appendix A
Parameters of the asymmetrical two-phase induction motor.
1, IM , 370W, 220V, 1375rpm, 2.8A, ¢ =1.71
Main winding Auxiliary winding
R, 2.04 4525 O
X, 1373 O 4479 O
R, 7.56 Q) 2676
X, 687 O 2240 O
;i 2349 28820
Acknowledgements

The authors would like to give special thanks to Department of
Electrical Engineering, Faculty of Engineering, Srinakharinwirot
University and Assoc. Prof. Wekin Piyarat for valuable help and
equipment support. Also, the authors wish to gratefully
acknowledge the scholarship support received from Mahanakorn
University of Technology.

References

C-M. Young, C-C. Liu, C-H. Liu: “New Inverter-Driven Design and Control
Method for Two-Phase Induction Motor Drives”, [EE Proc. on Electric Power
Applications, Vol. 143, No. 6, pp. 458-466 (1996).

F. Blaabjerg, F. Lungeanu, K. Skaug, and M. Tonnes: “Evaluation of Low-Cost
[EEE Proc. PCC-2002

m

@
Topologies for Two Phase Induction Motor Drives”,
Conf, Vol. 4, pp. 2358-2365 (2002).

S. Sinthusonthichat, and V. Kinnares: “A New Modulation Strategy for

3
Unbalanced Two Phase Induction Motor Drives Using a Three-Leg Voltage
Source Inverter”, [EEJ Trans. on Industry Applications, Vol.125, No. 6 pp.
482-491 (2005).

ER. Benedict and T. A, Lipo:
Permanent-Split Capacitor Motor™,
2004-2010 (2000).

J. Yao, J. Krase and T. A. Lipo: “Design Considerations for Motor-Controller
Integration of A Single Phase Induction Motor Packaged Drive”, [EMDC 03
Contf., Vol. 2, pp.1239-1244 (2003).

M.B de. Rossiter Correa, C. B. Jacobina, A. M. N. Lima, and E. R. C. da Silva:
“A Three-Leg Voltage Source Inverter for Two-Phase AC Motor Drive
IEEE Trans. on Power Electronics, Vol. 7, No. 14, pp.517-523

“Improved PWM Modulation for a
[EEE Proc., [AS, Conf, Vol3 pp.

O]

&)

(6)

Systems”,
(2002).

M. A. Jabbar, A. M. Khambadkone, and Z. Yanfeng: “Space-Vector Modulation
in a Two-Phase Induction Motor Drive for Constant-Power Operation”, [EEE

0]

13

Trans. on Industrial Electronics, Vol.51, No. 5, pp.1081-1088 (2004).
(8) Denizar C. Martins, Luis C. Tomaselli, Telles B. Lazzarin, and Ivo Barbi:
“Drive for a Symmetrical Two-phase Induction Machine Using Vector
Modulation”, IEEJ Trans. on Industry Applications, Vol.126, No.7, pp.853-840
(2006).
Do-Hyun Jang: “PWM methods for two-phase inverters”,
Applications Magazine, Vol. 13, No. 5, pp. 50-61 (2007).
J. Sin thusonthichat, and V. Ki nnares: * Performance Evaluation of Variable

IEEE Proc. PowerCon 2002 Conf. pp.

(9) IEEE on Industry
(10)
Speed Two-Phase Induction Motors™,
2565-2568 (2002).
(11) J.  Sinthusonthichat,
Performance Evaluation of Two-Phase PWM Inverter Fed Induction Motor
Drives with Various Topologies”, IEEE Proc. [PEC 2003 Conf. (2003)
D.G. Holmes, and A. Kotsopoulos: “Variable Speed Control of Single and Two
IEEE

R. Arechamad, and V. Kinnares: “Comparative

(12)
Phase Induction Motors Using a Three Phase Voltage Source Inverter”,
Proc, IAS-93. Conf., Vol. 1, pp. 613-620 (1993).

E. R. Collins, Jr., H. B. Puttgen, and W. E. Sayle,II:
Motor Adjustable Speed Drive: Direct phase Angle Control of The Auxiliary
Winding Supply”, IEEE IAS-88. Conf., Vol. I pp. 246-252 (1988).

E. R. Collins, Jr., and R. E. Ashley: “Operating Characteristics of Single-Phase
[EEE [AS-91.

“Single-Phase Induction

(13

(14)
Capacitor Motors Driven from Variable Frequency Supplies”,
Conf,, vol. 1, pp. 52-57 (1991).

D. G Holmes, Thromas A. Lipo:
Converters”, Wiley Interscience, IEEE Press, pp.259-270 (2003).

Do-Hyun jang and Duck-Yong Yoon: “Space-vector PWM Technique for
IEEE Trans. on

(15) “Pulse Width Modulation for Power
(16)
Two-Phase Inverter-Fed Two-Phase Induction Motors”,
Industry Applications, Vol.39, No. 2 pp. 542-549 (2003).
(17) Sheng-Ming Yang, Feng-Chich Lin, and Ming-Chung Chen: “Control of a
Two-Phase Linear Stepping Motor with Three-Phase Voltage Source Inverter”,
in Proc., IEMDC 03 Conf., Vol. 3, pp. 1720-1725 (2003).
K. Zhou and D. Wang: “Relationship Between Space-Vector Modulation and
Three-Phase Carrier-Based PWM: A Comprehensive Analysis” IEEE Trans. on
Industrial Electronics, vol.49, No.1, pp.186-196, (2002).

(18)

(Non-member)

Chakrapong Charumit
ok : received

He B.Eng. in electrical
engineering from  Mahanakorn  University of
Technology, Bangkok, Thailand, and received the
M.Eng. Degree in electrical engincering from King
Mongkut’s Institue of Technology Ladkrabang,
.- Bangkok, Thailand. He is pursuing the D.Eng degree at
King Mongkut’s Institue of Technology Ladkrabang. He is currently a
lecturer in the Electrical Power Engineering Department, Faculty of
Engineering, Mahanakorn University of Technology. His research interests
are in the fields of electric drives mid power electronics.

the Degree

(Non- member)

He received the B. Eng. and M.Eng. degrees in
electrical engineering from King Mongkut’s Institue of
Technology Ladkrabang, Bangkok, Thailand and the
Ph.D. degree from the University of Nottingham, UK.
He is currently an Associate Professor in the
: Electrical ~Engineering Department, Faculty of
Engmecrmg, ng Mongkut’s Institue of Technology Ladkrabang,
Bangkok, Thailand. His research interests are in the fields of electrical
machines, electric drives and power electronics.

Vijit Kinnares



153

ISSN 1685 - 9545

Transactions

on Eectical Eng., Blectronics, and Communications
Volume 7, No. 1, February 2009

REGUIAK PAPFLRS
M Avaem over Freaoengy Seleom

cterheaved Spavad Spectun UV

Performan ¢ of
Mudnpatl: Faduie  hamnnels £ oL X Hueme and FoPadbicwies {
Woave Scaneean from | anppenits m Adeveced] Prban dobale Propassson ¢ anned
L Edduenandie 2 Tascada and T o dmun i
e PR eouam S 150 Caloetimy for Shaltapotl Tadhne Chyaaned
gt Adgiestrant Alpoothio for Waeles
§ ;
1 Stabliy ©emdasone for @ v of Tamed et Plasin w
&) ¥
% Dicsapn Sethod (06 Seple Repatne Congrlens &
"‘V P e @i ."3‘ Pye < d
xpnveal Munans Conmsroller Diesin foe Plamts wathy Fear Gacaflimons Modes Usims Oroboer
T Appzoach € I O P s L9
B Hbasad Compaciers with Thata Comprossion fon Teat
F Rercbepvenakd fi,
A Mo Stinerand do-Roderence Ride Baved Blur Momo e O
Fhaters ; couf N s
nplereanay of Space Yostor AL foe o Twaoe Pl 1hice
.

Masisoscnipt Subsmssion Cuandebing

3 L § T NI "
Wtk oy I taiiend sy




154

Implementation of Space Vector PWM for a Two-Phase
Three-leg Voltage Source Inverter

Ch. Charumit and V. Kinnares

Department of Electrical Engineering, Faculty of Engineering, King Mongkut’s Institute of Technology Ladkrabang,
Bangkok, 10520, Thailand (ch_charumit@hotmail.com, kkwijit@kmitl.ac.th)

ABSTRACT

This paper proposes the implementation of a carrier-
based balanced two-phase output space vector pulsewidth
modulation (SVPWM) strategy for a three-leg voltage
source inverter (VSI). The principle based on analogue
and digital techniques is fully described. The space vector
equivalent waveforms and SVPWM patterns are
generated by a digital signal processor (DSP). The
correctness of the proposed method is verified by
calculated and experimental results.

Keywords: Space vector pulsewidth modulation, Three-
leg voltage source inverter.

1. INTRODUCTION

Pulsewidth modulation (PWM) has been studied for
a long period in order to achieve better characteristics
such as wide linear modulation range, less switching loss,
less total harmonic distortion (THD) and easy
implementation[1],[2],[6],[8].[12]. Generally, a PWM
inverter plays an important role in industrial and
residential applications since it offers several advantages
such as reduced low order harmonics, small filter size and
light weight. In the past, sinusoidal pulsewidth
modulation (SPWM) was commonly used for an inverter
and easily implemented by an analogue technique based
on a comparison between a high frequency carrier wave
and a sinusoidal reference wave. Presently, digital
techniques for generating PWM patterns seem to be more
attracted attentions due to the advent of a microprocessor
technology resulting in precision, ease of implementation
and flexibility. SVPWM is well established for a three-
phase system with digital Implementation. The carrier-
based SVPWM and digital SVPWM are equivalent [12].
The implementation of SVPWM as carrier-based PWM
can be made by either an analogue circuit or a digital
technique. Although, for a two phase system particularly
for a three-leg inverter [2-6],[11], there are a few
publications to reveal the explicit principle and
mathematically modulating functions. As shown in Fig.1,
a three-leg VSI providing two phase outputs is
increasingly attractive for two-phase drive applications
due to good dc voltage utilization, reduced total harmonic
distortion of currents and availability of three-leg
modules[6],[11]. PWM techniques especially based on
SVPWM applicable to this three-leg configuration have
been proposed in many publications [3-5],[11]. Although
a SVPWM strategy for the two-phase system offers many

advantages over other techniques, a mathematical
approach representing equivalent space vector still has
not been reported. Therefore, this paper focuses on the
principle and implementation based on the mathematical
approach and DSP of the balanced two-phase SVPWM
applied to the three-leg VSI. The validity of the proposed
method tested with a balanced resistive-inductive load
and an asymmetrical parameter type two-phase induction
motor is demonstrated.
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Fig.1: Two-phase three-leg VSI supplying a two-phase
induction motor
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Fig.2: Principle of the proposed carrier-based two-phase
SVPWM.



2. TWO-PHASE SVPWM STRAEGY

The principle of a modulation strategy of carrier-
based two-phase SVPWM using the three-leg VSI is
illustrated in Fig.2. v",v;",vS" are space vector
equivalent references of each phase leg. The
mathematical equations for the space vector equivalent
references will be derived and given in the next section.
Switched waveforms for each leg are obtained from a
comparison between a common triangular carrier wave
and each space vector equivalent reference. By using
phase leg b as a common phase leg, two-phase outputs
are achieved from a difference of voltages between points
a-b denoting as “v;” and voltages between points c-b
denoting as “v, ”. The resultant fundamentals of the two
phases have the same amplitude but different phase angle
of 90 degrees.

2.1 Analogue implementation

The relationship between two-phase stationary (d-q)
and three-phase reference systems[3],[7] for the three-leg
VSI can be written in a matrix form as

vi] 1 -1 07w,
ve [=]0 =1 1w, (D
Vo 0 1 0fv,

where a zero sequence component (v, )is equal to
Vp.. In order to achieve the phase difference angle
between v; and v; is 90 degrees, the three phase
reference signals can be expressed as

Vg, = msin(at) 2)
Vi S sin(wt - %J 3)
Vo =M sin(an‘ - ;'T) )
where

m = Modulation index and 0 < m <1.

In order to obtain the required three-phase
references for the three-leg VSI, a zero component (v,)
is introduced. The inverse matrix of (1) which is the
relationship for the transformation from a three-phase
system(7] into a two-phase system is obtained as

vl eoo 1y

vi [=[0 0 1)v (5)
vil 10 1 1],

where

* * T
Vo SV AV, =V, =V, v, =m ZCos[mt—ZJ+v2 (6)

vii=v (M

155

T
Ve =V +v2:vc,,~vb,+vz=mﬁcos(mt+zj+vz (8)

* . . .
v, =required direct axis reference

*
v = required quadrature axis reference

v, = Vmax * Vimin (9)
2

where

Vinax = Maximum{v;',v;*,O} (10)

Viin = Minimum{vj‘,vét,o} (1)

The max/min expression centres the sinusoidal
reference defined in (10-11) around zero at all times.
In order to achieve the switching patterns of the SVPWM
strategy as shown in Fig.2, a simple circuit for
implementing space vector equivalent references can be
designed in accordance with (1)-(11), as shown in Fig.3.
The desired two-phase references are rectified to produce
their envelope magnitude, this magnitude is scaled by 0.5
and is then added as an offset to each voltage reference.
The voltage drop across bridge diodes is compensated
by Reymp, - The fundamental output voltages of the main

power circuit can be derived based on (6-8) as

Amplitude
s
Vg = mﬁVdc cos[a)t - Z) (12)
Amplitude
T
Vo =m~2V,, cos[wta—z} (13)
Summing Comparator
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Fig.3: Naturally sampled analogue space vector
modulator.

Waveforms obtained from (9)-(11) can be plotted as
shown in Fig. 4. The resultant space vector equivalent
waveforms (vS ,vi ,v:') are illustrated in Fig.5 which
will be used to compare with the common triangular
carrier for generating SVPWM patterns. It is noted that
these waveforms are non-sinusoidal due to the
contamination of the zero signal. Space vector equivalent
waveforms of phases a and b are out of phase. The



difference between these phase leg references gives the

. St S‘
two phase output references (ie.vy =v, —vj; ,
.'i"‘ Foy s‘ S‘ h 2 F' 5
v, =v, —v, ) asshown inFig.5.
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Fig. 4: Corresponding waveforms at various points of the
proposed analog circuit,
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Fig.5: Phase leg reference and two-phase reference
waveforms

2.2 Digital implementation

The principle of the two-phase SVPWM for the
three-leg VSI is derived from the conventional three-
phase space vector modulation which divides into six
hexagonal sectors with 60 degrees displacement for each
sector [3],[8]. For the two-phase SVPWM, the common
leg is used. As a result, voltages between legs provide
two-phase outputs, namely v, as the main winding
voltage(v,) and v, as the auxiliary winding
voltage(v, ). In the switching states of SVPWM, the
upper switches S, S; and S5 of the main power circuit
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are assigned with either “1” or “0” equal to turn-on and
turn-off, respectively. The lower switchesS,, S, and
S, are opposite states against the upper switches in the
same leg. The DC bus voltage is2V,.. The switching
states, corresponding output voltages and space vectors
are shown in Table 1.

Table 1: Switching patterns, output voltages and space
vectors in d-q plane

5118385 % % | 8%
oo o | SV,
I 6] 2, 0 SV,
1{1lal o |2 |5
NN -2V (-2 | 57
o1t [=2v, 0o |57,
olof1f| o 2V, | sV,
I 7oLt 2 N\ NV, | S7,
ol o1 0 | S,
U

S74(010)

Sector 3

SV (001 )

U U,

Fig. 6: Eight possible stationary voltage vectors

As shown in Fig.6, there are six possihle voltage
vectors (STVTEE—V? ) and two null vectors?SVo,Ej

Four active vectors (517,51, ﬁ,@ have a length of
2V,.and two active vectors (.;SI@,SVé have a length of
2f2anc. Desired output voltage space vector V; in a
vector form, which is a rotating vector with a circular
trajectory, can be calculated in terms of the average of a
number of these space vectors within a half carrier period

in each sector as

4
AT/2

7 (14)

== T
U +—2-U
AT /2
(15)

V), =V,£6, =

U_l - Vle“'u'



(16)

UZ = Vzejaz

AT
T=7E+T2+TSV0+TSV7 (17)

where U, and U, are the two adjacent vectors; ¥;, V, are
the magnitudes of the space vectors; 6, is sapling
position; ;,a, are angles for the two adjacent vectors;
T;,T,are active times for the two adjacent vectors;
Topo,Tgyqare times for null vectors; AT is a carrier
period. Generally, for a symmetric space vector pulse
pattern, space vector times for each zero switching state
(Tgyp, Tgy7) are set to be equal. The relationship between
active times and the desired output voltage for each sector
can be expressed in a matrix form as

iV]
A% v, sin(c, - )
: T (18)

2 v, i Si“(go”al)
A
7

sin(o:2 ~e)
Active space vectors, magnitude and location for all
sectors are shown in table 2.

Table 2: Definitions for Vectors Uy and Ua of SVPWM

Sector | /7, | T/, v v, a a,
BEIEARE AR AERED
2 |8V, | SV, |22, | Ve |3n/4| m/2
3 |sw, 5w, |2v2r,) 2K, |3nja| n
4 |V SV | 20, | 2v. |3x/2| =
s | SV | SV, | 2V | 22w, 372 | 72/4
6 | V|V, | W, 2420, 27 | T/4

By using (18) together with Table 2, space vector active
times (Tgy,, TSV:,_) for sector 1 are arranged as follows.

T AT
TSVl SIR(E_EOJT (19)
. AT
where
I/
M =—2 which is the modulation index.

de

It is noted thatTy, + T, s%. Using (19) and (20)

COS(E—QOJ <l
4

yields

TSVl + TSVI _ "/EVO
AT/2 2V,

@n
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From (21), the condition for maximum possible
magnitude of ¥, .. occurs at 6, =z/4 which
givesV, = \/-2_Vdc. As a consequence,0 < M <+/2 . The
maximum phase voltage is approximately 70 % of DC-
link voltage [4],[5]. This characteristic is one of the

major advantages of the three-leg VSI.

3. Modulating Functions

In order to identify modulating functions of the
SVPWM, the calculation of switching times for the
overall sector in a period is performed.

, Ve .
FlefiiT L1 1 &0l
! Ly

Ve frd : —

| Vo s

Vo], . :
o011 1]o of

oY .

Ve b - :
0.0 0ftf1]o 0 o
=V N i

TWQ?TSP'I iTm}_gT.w, :

«— AT/2 ———AT/2—

Fig. 7: Pulse pattern for the first sextant

Fig.7 shows example of the pulse patterns of the phase
leg voltages with respect to the midpoint of the DC link
voltage, corresponding space vector states, and space
vector times in the first sector for the conventional space
vector PWM with equally spaced zero space vector
SVyand SV; . The reference (average) values for the
three-phase leg voltages over the time interval AT7/2,
which have a switching sequence for sector | in a half
period of switching as SV, — SV, — SV, — 5V, [8] are

Vao = Ve 4. + vz (22)
AT/2  AT/2
Vpod= Vo AT sl (23)
-~ AT/2AT/2
Ty T
P 80 sy 24
co dc[ AT/Z AT/2 (24)

By substituting (19-20) into (22-24), phase leg reference
voltages with respect to the midpoint of the DC link
voltage, which are modulating functions representing
equivalent space vectors, can be expressed as

M| . i
fi/; ) ?{sm[g_ 90} i )J (25)
Voo = _Af{ —si E— i
Va’c 2 [ Sln[ 2 90J+Sln(90 ):l (26)



v (27)

Yoy ., TM[sin[g— HOJ +sin(8, )J
Similarly, according to Table 2 and (18), with the same
process, space vector active times and modulating
functions for the remaining sectors can be achieved as
shown in Table 3. Switching times7;, 7, and 7, in the
half period of the carrier for maximum A =+/2 can be
plotted as shown in Fig.8. Corresponding phase leg
reference voltage waveforms can be shown in Fig.
These are space vector equivalent waveforms which will
be used to compare with the common triangular carrier to
generate PWM patterns.

i

Sector | Switching Time (PU)
o
N

s <, : —ALTAY
0 45 9] 136 1‘83 25 2n 315 X0
Angle (degrees)

Fig. 8: Switching times and corresponding sectors

PhasellegC |

Pretolgal 77 T

Fig. 9: Calculated reference voltages of phase leg a, b,
and ¢ for M = V2

4. EXPERIMENTAL RESULTS

Reference voltage waveforms and SVPWM patterns
are generated by using a dSPACE, DSP controller board
DS1104. The board consists of a digital signal processor
TMS320F240. The three leg IGBT inverter is used with
switching frequency of 5kHz and dc link voltage of 300V.
The R-L load (R=24 o, L=426mH) for a balanced load
case and an asymmetrical parameter type two-phase
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induction motor for an unbalanced load case (see
parameters in Appendix A) are used.

Table 3: Switching times and modulating functions for
overall sectors.

Switching times Phase leg reference voltages
T M. (r g e [5‘“( )+sm(é‘]
AT/2 2 (2 “]
Sector 1 l——[—ﬂn( u)"'Siﬂ(lqg)I
M) Ve
ATy2 2 TR %:%Fm(é— 0)+&in(6',,)]
o
Twy M2 .“{3,7 3] %z%‘ﬁ“{&’“%ﬁﬁ*“(h/‘gn)]
T g T (]
swara| 72 e Mo 54 g -a)
Ty, _ﬂl [%“EJ ; i
2 (" 73) | Ml vrantr-a)
o M .
AI;{/'Z:%‘“‘(”-%} ;T.ET[“(T )+ 2sin (o, -34]]
M
Sector 3 1SR [9 h) ;f:?Lﬂ( stm( 3;7)]
AT/2 2 L ;i %[ dio i g)+\j—_§n(g 3::/)]
o =M N B
AT;t:?:E{shl(Ezz—@n) L_m‘Tm(g“ ”)”'“(3% 90)]
Sector 4 V_»: i:—[ sin(6, - ) +s1n(/ ‘9)]
Mg |, ot b3/ -a)
V—&=7sm o = 7%)+ sin -4
Ly, M2 [wr a) o 2 M an(1m) -6, )rsin 5, -374)
AT PR, it
Sector 5| . ‘:l=j/f-[\/—2-sﬁl(7%-ﬂ,)+gh(gn_3%]i
T, M ( JrrJ Vi 2
ABIT R e WY 2 vf:%[ﬁjn(m/ 8,)+sn(o, 317)]
. M
A?;z sin(27 - 4,) :,:=m2-[f5m( 777]”'"(2” MJ
Sector 6 ;"’1 T[ﬁsm(ﬁ' 7’V)+sm(2/r &)
™2 AT e MLl 75y smten -]
Fig.10 shows the experimental space vector

equivalent reference waveforms. It is evident that the
experimental references are identical with the calculated
ones as shown in Fig.9. The phase difference angle

between v, and v, is 180 degrees (out of phase) as

mentioned in the analogue implementation. Fig.11 shows
the  experimental two-phase  output references
(ievy =v, —vyandv,, =v, —v,) having phase
difference angle of 90 degrees and sinusoidal waveforms.
The reason for obtaining sinusoidal waveforms of the
two-phase references is that the zero component is
cancelled. These confirms the validity of the proposed
technique. Output voltage and current waveforms can be
shown in Fig.12 for the two-phase balanced load. Fig.13
shows corresponding circular current vector trajectory. It
can be seen that the amplitudes of the currents for each
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phase are equal and the phase difference angle is 90

degrees thus giving a circular shape locus due to the e
balanced R-L load. The phase difference angle is also 90 i
degrees for PWM output voltages.
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Fig. 14: Measured harmonic voltage spectrum of v,

Fig. 10: Reference voltage waveforms for phase-legs
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Fig. 12: Two-phase output voltages (vd, v, )
and corresponding currents iy, i,
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Figs.14-15 show harmonic voltage spectrum in peak
values for two-phase outputs which harmonic sidebands
for both voltages are similar and around at the multiples
of the switching frequency (i.e. 5 kHz, 10 kHz, 15 kHz
etc.). The inherent characteristic of the harmonic
sidebands is typical for a PWM method. This confirms
the correctness of the implemented PWM strategy and the
main power circuit operation. The peak fundamental
values for both voltages are considerably close. Fig.16
shows the motor current and its trajectory. The amplitude
of the main winding currentis larger than that of the
auxiliary winding current since the impedance of the
main winding is lower than that of the auxiliary winding
(see Appendix A). As a consequence the trajectory shape
is elliptical which the major axis is horizontal. The
capability of the proposed system for driving the two-
phase asymmetrical induction motor over a wide range of
speed is shown in Fig.17. At base inverter frequency (50
Hz), the rated toque is obtained. However when
decreasing the inverter frequency, the rated torque could
not be reached since the operating slip is greater than the
rated slip resulting in overcurrent. It can be seen that at a
low speed region, the motor gives a poor capability
compared with a high speed region. Therefore it is
implied that this motor type needs some control methods
such as proposed in [1],[9-10] to improve the better
performance particularly at low speed.

5. CONCLUSIONS

This paper has dealt with the principle and
implementation of two-phase SVPWM using a three-leg
voltage source inverter providing balanced output
voltages. The mathematical equations of space vector
equivalent phase leg voltages have been derived. The
SVPWM pattern has been implemented by using a DSP
board. The correctness of the proposed technique is
verified by calculated and experimental results with R-L
and motor loads.
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Appendix A: Parameters of the asymmetrical two-
phase induction motor.

“Pulse Width
Wiley

Ig, IM , 370w, 220V, 1375rpm, 2.8A, @ = 1.71
Main winding Auxiliary winding
9.04 ) 4525
i 1373 0 4479
R, 756 Q 2676 Q
X, 687 Q 2240 ()
o 23496 O 28820 ()
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Abstract - This paper proposes implementation of a carrier-
based space vector pulse width modulation (SVPWM) strategy
through an analogue method for a three-leg voltage source
inverter (VSI) providing both balanced and unbalanced two-
phase outputs. The phase difference angle of output voltages is
kept at 90 degrees whilst the amplitude is adjustable. The
mathematical approach to a waveform synthesis is proposed. The
circuit design in accordance with mathematical equations of the
analogue modulator is given. The correctness of the proposed
method is verified by both simulated and experimental results.

Index Terms - Space vector pulse width modulation, three-leg
voltage source inverter

[. INTRODUCTION

Pulse width modulation (PWM) has been studied for a
long period in order to achieve better characteristics such as
wide linear modulation range, less switching loss, less total
harmonic  distortion (THD) and easy implementation.
Generally, a PWM inverter plays an important role in
industrial and residential applications since it offers several
advantages for example reduced low order harmonics, small
filter size and light weight. In the past, sinusoidal pulse width
modulation (SPWM) was commonly used for an inverter and
easily implemented with an analogue technique based on a
comparison between a high frequency carrier wave and a
sinusoidal reference wave [1]. Presently, SVPWM is a
popular method, particularly for a three-phase system since it
offers various advantages over other strategies such as
simplicity in implementation, wide linear modulation range
and less harmonic distortion [2]. For a two phase system [3]-
[6], there are some publications involving implementation and
motor drive applications. However, most of them are based on
digital techniques [7],[9]-[11].

Carrier-based SVPWM is an alternative method to
classical SVPWM which is easy to be implemented not only
by digital but also by analogue techniques [12]. It can reveal
obviously the space vector equivalent modulating functions.
As shown in Fig.1, a three-leg VSI providing two-phase
outputs is increasingly interested especially for two-phase
drive applications due to good dc voltage utilization, reduced
total harmonic distortion of currents and availability of three-
leg modules[7],[15].  Unbalanced two-phase supply is
required for the performance improvement of an asymmetrical
type two-phase induction motor for variable speed
applications[13]-[15]. SVPWM based on the analogue method

978-1-4244-2679-9/08/$25.00 ©2008 IEEE

is seldom reported although it offers low cost implementation,
an essential basis for being derived to other techniques and a
better understanding of modulating functions.

This paper focuses on the principle and implementation
based on a mathematical approach and the analogue technique
of both balanced and unbalanced two-phase SVPWM applied
to the three-leg VSI. The validity of the proposed method

tested with a balanced resistive-inductive load s
demonstrated.
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Fig.1 Three-leg VSI supplying two-phase inductive loads.

II. TWO-PHASE SVPWM STRATEGY

The principle of a modulation strategy of carrier-based
two-phase SVPWM using a three-leg VSI is illustrated in
Fig.2. vi', vi", v¢" are space vector equivalent references of
each phase leg which are non-sinusoidal waveforms
contaminated with odd harmonic componernts. Switched
waveforms for each leg are obtained from a comparison
between a common triangular carrier wave and each space
vector equivalent reference. By using phase leg b as a
common phase leg, two-phase outputs are achieved from a
difference of voltages between points a-b denoting as v, and
voltages between points c-b denoting as v . The resultant
fundamentals of the two phases can be adjustable whilst the
phase difference angle is kept constant.

A. Balanced Quiput SVPWM

If let phase b be a common phase, two-phase reference
signal for generating SVPWM pattern are V,, OF vj and v,
orv,. The relationship between two-phase stationary and
three-phase reference systems for the three-leg VSI can be
written in a matrix form as [12]
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Fig.2 Carrier-based two-phase SVPWM pattern for a three-leg VSIL

0 4 D

vy I =1 0fv,
vil={o -1 A{v, (1)
Vo 0 1 O0ffvw,

where a zero sequence component ( vy ) is equal to v, .
From (1), a phasor diagram for the relationship between two-
phase and three-phase systems can be drawn as Fig.3.

Fig.3 Relationship between two-phase and three-phase phasors for
balanced outputs.

From Fig. 3 in order to achieve the phase difference angle

between Vv and v, is 90 degrees, the three phase reference

voltages can be expressed as

Vg = msin () (2)

Vg = msin[a)r —%] (3)

Vg, = msin(mt—;r) )
where

m = modulation index (0<m<1)

In order to achieve the required three phase references for
the three-leg VSI for generating SVPWM pattern, the zero
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component( Vv, ), which 1s a functlon of instantaneous
max/min values between vd and v} , is introduced and the
inverse matrix of (1) which is thc relationship for the
transformation from 3 phase system into 2 phase system is
obtained as

v 1o 1)
v |=10 0 1] (5)
*
vi 01 1w,
where
V=S +v, =mf2 cos[a)t - %} +v, (6)
S
Vg, =¥y (7)
vos v;* +v, = mﬁcos[a}t - %J +v, (&)

v = required direct axis reference voltage

S* . “
v, =required quadrature axis reference vollage

V= Vmax + Vinin (9)
2

Y S Maximum{v;‘, v;‘,()} (10)

Yt = Mz'nimum{uf;,v;‘ ,O} (11)

where the max/min expression centers the sinusoidal reference
defined in (10-11) around zero at all times [2], [16].

In order to achieve the switching pattern of the SVPWM
strategy as shown in Fig. 2, a simple analogue circuit, as the
proposed modulator, for implementing space vector
equivalent references can be designed in accordance with (1)-
(8), as shown in Fig.4. The desired two-phase references are
rectified to produce their envelope magnitude, this magnitude
is scaled by 0.5 and is then added as an offset to each voltage
reference. The voltage drop across diodes is compensated by
R in the circuit of the modulator. The instantaneous

comp
fundamentals for two-phase output are expressed as

Amplitude
2
vy =ma2V,, cos[a}t y ZJ (12)

Amplitude
———

vy =m0y, cos[mtJrZJ (13)

Fig.5 shows the calculated waveforms of the space vector
equivalent phase leg b {vb ), Vi and vy, . The zero
component signal (vb ) is obtained from the average
between vy, and vy, . The 50Hz space vector equwalent
references for each leg of the VSI (V] vb ,V. ) are
illustrated in Fig. 6 which will be used to compare w:th the
common triangular carrier for generating SVPWM patterns. It
is noted that these waveforms are non-sinusoidal due to
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contamination of the zero component. Space vector equivalent
waveforms of phases a and ¢ are out of phase. The phase
difference of these waveforms is in accordance with the

phasors in Fig. 3.
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Triangular
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Fig. 4 Naturally sampled analogue space vector modulator.
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Fig.5 Corresponding waveforms at various points of the proposed analogue
circuit for balanced outputs.
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Fig.6 Three-phase leg reference waveforms and resultant two phase reference

waveforms,
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Fig. 7 Measured waveforms at various points of the proposed analogue circuit
for balanced outputs.
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Fig. 9 Experimental two-phase reference voltage waveforms.

The proposed modulator has been designed and
implemented with aprropriate parameters. Figs.7-9 show
examples of experimental results measured from the
implemented modulator. These results are identical with
calculted ones (Figs.5-6). Therefore it shows that the
proposed modultor operates correctly and efficiently.

B. Unbalanced Output SVPWM

In order to implement unbalanced output SVPWM, the
phasor diagram of the balanced output SVPWM is used as a
reference. The phasor can be created as shown in Fig. 10.
Phase b is shifted by phase angle & resulting in a change in
values of direct axis voltags (v, )and quadrture axis voltage
(vq). As a consequece the amplitude value of v, is higher
than that of v, whilst the phase difference angle is still 90
degrees. The instataneous equation of v,, is changed into
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v =msan[m-§+5j (14)

This equation will be used in the same process as the
balanced SVPWM in generating PWM patterns [14] .

Fig.10 Relationship between two-phase and three-phase phasors for
unbalanced outputs.

The fundamental output voltages for quadrature and direct
axis voltages are as follows:

Amplitude
vy =m2ly, sin[%—g]cos(mt—%qf- g] (15)
Amplitude
) o T &
=m2V,, cos| ——— [cos| a +—+— 16
vqlm,,c(42}[42j (16)
B Vq—Vd
where § =2sin” | —————— (17)
mZﬁVdc
v 2
and (I/{J+(I/q)‘szl/dC (DC bus voltage) (18)

whereV;andV, are the amplitudes of the direct and

quadrature axis voltages, respectively.

Voltage(in PU)

“0 001 002 008 004
Time(s)
Fig.11 Corresponding waveforms at various points of the proposed analogue
circuit for unbalanced outputs.

It is noted that if & is zero, (15) and (16) are the same as (12)
and (13) for the balanced case. Figs.11-12 illustrate the
calculated waveforms of the proposed circuit for the
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unbalanced outputs. As shown in Figs.13-15, again, for
unbalanced SVPWM, the measured results are identical with
the calculated ones. These confirm the effectiveness and
correctness of the proposed modulator. For example, the
PWM pattern for unbalanced SVPWM switches are given in
Fig.16 and the equivalent PWM output is also displayed by
substraction between S1 and S2 signals. Obviously, it can be
seen that the frequency of switches is SkHz which is the same
as the carrier frequency. :

5%

-y

i
-

Phase-leg reference voltage (in P.U)

)

0 001 00 00 004
Time(s)

Fig.12 Three-phase leg reference waveforms and two phase reference
waveforms for unbalanced outputs.
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mTracezs Mak  0.000v ©  Mip -9 4o0v

Loy 4

Fig. 13 Measured waveforms at various points of the proposed analogue
circuit for unbalanced outputs.
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Fig.14 Measured three-leg reference waveforms for unbalanced outputs.
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Fig.15 Experimental two-phase reference voltage waveform s for unbalanced

outputs.
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Fig.16 PWM pattern from the modulator (from S1, 83 and resultant difference
between S1 and S2).

I11. EXPERIMENTAL RESULTS TESTED WITH THE MAIN POWER
CIRCUIT

To verify the proposed SVPWM method, the designed
modulator was implemented and tested with the main power
circuit as shown in Fig. 1. The three leg IGBT inverter was
used with switching frequency of 5kHz and DC link voltage
of 300V. Values of a R-L load are 24 @ and 426mH for a
resistor and an inductor respectively for each phase. Output
voltage and current waveforms are shown in Fig. 17(a) for the
two-phase balanced outputs. It can be seen that the amplitude
of the current for each phase is equal and the phase difference
angle is 90 degrees. The phase difference angle is also 90
degrees for PWM output voltages. Fig. 17(b) shows the
corresponding circular current vector trajectory due to the
balanced loads and the applied voltages. In Fig. 18(a), the
amplitude of the quadrature axis current (7, ) is higher than
that of the direct axis current (i, ). The phase difference angle
is 90 degrees thus giving a perfectly elliptical shape locus
having vertically major axis due to the unbalanced phase
voltages [V > VdJ The phase difference angle is also still 90
degrees for PWM output voltages. Fig.19 shows harmonic
voltage spectrum in dB for unbalanced phase voltages which
harmonic sidebands for both voltages are similar and around
at the multiples of the carrier frequency (i.e. 5 kHz, 10 kHz,
etc.). This characteristic is similar to a typical SPWM. This
confirms the effectiveness of the proposed modulator for
generating accurate PWM patterns.
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Fig. 17 Balanced output voltage case (a) PWM output voltages and load
currents for both phases (b) Space vector trajectory in a complex plane.
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Fig. 18 Unbalanced output voltage case (a) PWM output voltages and load
currents for both phases (b) Current vector trajectory in a complex plane.
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Fig. 19 Corresponding voltage spectrum for the unbalanced output voltage
case.

IV. CONCLUSIONS

This paper has dealt with a principle and implementation
of two-phase SVPWM using a three-leg VSI providing
balanced and unbalanced phase voltages. The phase difference
angle of output voltages is always kept at 90 degrees whilst
the amplitude is adjustable. The space vector modulator is
realized by the simple analogue circuit. The proposed method
is easy to be implemented and controlled for two-phase loads.
With the proposed method, control of unbalanced output
voltages is possible for the requirement of an asymmetrical
type two-phase induction motor drive in performance
improvement [14], [15].
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