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Abstract. This paper develops a mathematical model
for analyzing the steady-state performance of the
Slip Power Recovery Induction Motor Drive System
(SPRIMDS) which operates under unbalance supply
voltage conditions. The IEC definition indices of Volt-
age Unbalance Factor (VUF') and Complex Voltage Un-
balance Factor (CVUF) which consist of magnitude
and phase angle of the unbalance supply are used for
the analysis. Also, this paper evaluates the impact
of wvoltage unbalance and firing angle of the inverter
on the stator and rotor motor parameters, motor cur-
rents, copper losses, efficiency, power factor, torque-
speed characteristics, prediction of peak currents of the
stator and rotor phase windings, and Total Harmonic
Distortion (THD) of stator and rotor currents. The
proposed mathematical model of SPRIMDS is validated
using MATLAB-Simulink. The results have shown that
the performance of the SPRIMDS and variation of mo-
tor currents, efficiency, THD and torque are depend-
ing on the magnitude of the voltage unbalance and in-
verter’s firing angle.
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1. Introduction

The majority of electrical devices is designed to op-
erate under symmetrical and pure sinusoidal supply
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voltages. However, in reality, voltages and currents
in an electrical power system are rarely sinusoidal and
balanced. Any change in the main unbalanced sup-
ply voltage will deteriorate the characteristics of the
Induction Motor (IM) [I] and [2]. In power systems,
there are two reasons for producing an unbalance in the
supply voltages. The first reason is structural which is
due to the imbalance in the utilities of power system
networks, such as alternators, transmission lines, trans-
formers, and unbalanced capacitor banks. The second
reason is functional, which is due to asymmetric volt-
age drop in impedances of the network caused by ir-
regular load distribution in three-phase system, such
as single-phase furnaces, induction furnaces, X-ray de-
vices, electric welding machines, opening in a conduc-
tor in power system, short circuits, failure in the insu-
lation of equipment, etc. Motor design variables such
as stator and rotor slot designs and main quality affect
the performance of electrical motors [3] and [4].

Many studies have suggested that the high efficiency
of IM is more affected by voltage supply problems [5],
[6] and [7]. The authors of [8], [9] and [I0] have con-
cluded that the magnitude of supply voltage and the
angle of CVUF are sufficient to assess the performance
of squirrel cage IM under unbalance supply voltage
without considering their influences on Wound Rotor
Induction Motor Drive System (WRIMDS).

Adjustable Speed Drives (ASD) are used to improve
motor operation and control. However, the presence
of voltage unbalance has a negative impact on ASD
[IT]. The presence of rectifier and inverter in the ma-
chine drive system is affected by voltage unbalance.
The rectifier is affected by unbalancing voltage which
then produces a rotor current unbalance that raises
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the temperature of the rectifier diode and torque rip-
ple. Compared to squirrel cage IM, WRIM has the
ability to control the speed by introducing an external
resistance into the rotor circuit or by recovering the
rotor slip power to the supply [12]. Such a mechanism
in WRIM makes it possible to keep the motor current
low during starting with maintaining a high starting
torque. Therefore, when repeated starting is necessary
or with high inertia loads, which require a longer start-
ing time, the WRIM can operate without overheating.

The slip power scheme is only possible with WRIM.
Such a motor compared to a squirrel cage motor has
several drawbacks such as high cost, heavy weight,
large volume, and periodic maintenance due to the
presence of brushes and slip-rings. However, control-
ling the WRIM through the rotor circuit allows eco-
nomical drives to be obtained for varied applications,
such as variable speed pumps, fan applications, mills,
conveyors, cooling pumps, steel drives, paper drives,
cranes, ventilations, cement factories, etc. A slip power
converter is connected to the rotor windings via a slip-
ring. The converter which consists of a bridge rectifier,
a three-phase inverter, and a smoothing inductor pro-
vides a feedback power to the mains. This voltage can
be controlled by controlling the firing angle of the in-
verter, which in turn controls the speed within the sub-
synchronous speed range. The inverter is connected
back to the AC supply via a recovery transformer to
determine the required speed range.

The authors in [13], [I4], [I5], [16], [17] and [18] have
proposed techniques to improve the power factor and
reduce the total harmonic distortion, without consid-
ering the effect of unbalance supply voltage on the per-
formance of SPRIMDS. The authors in [19] have an-
alyzed the performance of slip power recovery under
the power supply failure for a few cycles of operation
without considering the influence of supply voltage un-
balances. The authors in [20] have investigated the
effect of voltage dip on the performance of SPRIMDS,
the Hoo technique is proposed to reduce the effect of
voltage dip on WRIM [21], neglecting the effect of the
low quality of supply voltage and its impacts on it.

In this paper, the steady state performance of
SPRIMDS under unbalance supply voltage is investi-
gated. A mathematical model for the system is derived,
and MATLAB Simulink is used to validate the model
using the recommended IEEE equivalent circuit. The
symmetrical component theory method is used to anal-
yse the operation of the proposed mathematical model
under unbalance supply voltage conditions and differ-
ent firing angle. Different levels of unbalance voltages
are applied on typical 1.8 kW, 50 Hz, 4-pole, WRIM.
The proposed model of the drive system is analyzed un-
der various voltage unbalance factors taking into con-
sideration the effect of the phase angle of the unbalance
supply voltage. The main objective of this paper is to
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analyze the influence of VUF on the motor currents,
copper losses, efficiency, power factor and electromag-
netic torque at different firing angles of the inverter.

2. Steady State Analysis of

SPRIMDS under
Unbalance Voltage Supply

Disturbance of positive sequence voltage, which is
caused by negative and zero sequence voltage com-
ponents, is considered as a voltage unbalance. Since
the IMs are connected in delta and star connection
without neutral, hence the zero-sequence component
is neglected. Therefore, the negative sequence compo-
nent becomes the main cause of voltage unbalance [22].
Accordingly, the voltage unbalance is the superposi-
tion of negative sequence voltage over positive sequence
voltage. If the positive sequence component of voltage
is disturbed, then its magnitude becomes less or more
than the rated voltage [23].

In basic SPRIMDS, the rotor slip power is rectified
by a full-bridge diode rectifier, a smoothing inductor
is inserted to reduce the ripple in DC voltages, and
then the slip power is converted to AC voltage at line
frequency by using an inverter and recovered to the
AC supply. This causes the speed to be controlled
by varying the firing angle of the inverter in the sub-
synchronous speed region as shown in Fig.|l} The con-
cept of symmetrical component is applied in the per-
formance analysis of SPRIMDS. The supply voltages
under unbalance conditions are decomposed into posi-
tive and negative sequence components and per phase
equivalent circuits are built for both components. The
per-phase positive and negative sequence equivalent
circuits of SPRIMDS under unbalance supply voltage
conditions are derived based on the following assump-
tions for reducing the complexity:

e motor parameters are constant and do not depend
on the frequency especially the rotor resistance
and leakage reactance,

e commutation overlap angle of the bridge rectifier
due to leakage motor reactance is neglected,

o rotational losses combined with core losses are con-
stant and do not depend on the speed,

e power losses in the bridge rectifier and inverter are
neglected, and

o rotor phase current alternates are the square pulse
of 1200 duration.

Figure |2| shows both positive and negative sequence
equivalent circuits in which R,, X4, X,, X,,, R, Rqa,
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Ry, a, (nm), and ny denote per phase stator resistance,
per phase stator leakage reactance, rotor referred to
stator leakage reactance, magnetizing reactance, rotor
referred to stator resistance, smoothing inductor resis-
tance, rotor harmonic resistance referred to stator side,
the inverter delay firing angle, drive turn ratio, and
stator to rotor turn ratio, respectively. Also, V,,, V,,
V. and Vp are positive sequence supply voltage, nega-
tive sequence supply voltage, counter DC emf inverter
voltage and the voltage drop of rectifier and inverter
bridges, respectively. The positive sequence slip (sp)
and negative sequence slip (s,) are given in Eq. (1))
and Eq. , respectively.

(1)

TWs TWr 5

(2)

Sp =
—Wsg

The SPRIMDS like other drive systems is designed
to operate under balanced supply voltages. While
this system is subjected to unbalance supply voltages,
it draws asymmetrical currents with positive and neg-
ative sequence currents. The positive and negative
impedance of the SPRIMDS can be calculated from the
equivalent circuit derived by using the Kerchief Volt-
age Law (KVL) in Fig.[2l Applying KVL in the circuit
of Fig. we can obtain:

V;) = Isp(Rs +j(Xs + Xm)) - jITpXm7 <3)

Vep

- j]stm =0,
(4)
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Fig. 1: Slip power recovery IM drive system.
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where,
TN,
Vep = —nmVpcosa + —=Vp. 5
cp mVp 36 (5)
I.p Rq JX\ |p Rh JXr Rd/S
LA — Y Y YN B AN — Y
|
2
>& - .]Xmg Vep/s
(a) Positive sequence circuit.
I, R JXs l,, Ro iXe  Ra/(2-s)
——WW MN— Y Y Y —
IITI
[z
>: - ij Ven/(2-s)

(b) Negative sequence circuit.

Fig. 2: Positive and negative equivalent circuits of SPRIMDS.

Similarly, for Fig. we can apply KVL in two loops

as,

Vn = Isn(Rs +](Xs + Xm)) - .ijIrna (6)

R, .
Iy (Rh + ﬁ + ](Xr + Xm)) +
Ven .
- - IsnXm =Y,
55 0 (7)
where,
Ven, = —Nyn Vi COs o + LanD. (8)

3V6

Substituting Eq. into Eq. and Eq.
into Eq. , and rearranging them, which are func-
tions with slip and firing angle, the positive sequence
impedance (Z,) and negative sequence impedance (Z,,)
can be obtained by using Eq. @D and Eq. , respec-
tively. The obtained Eq. @ and Eq. are functions
of slip and a.

X2
Ry +j(Xs + Xm) + T
Ry + —= + (X + Xin)

Zy =

1
XMy, COS <
sRy, + Ry +jS(Xm + X?")

(9)

1+
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Based on the equivalent circuit of SPRIMDS

2
Zp=|Rs+j(Xs+ Xpn) + 7 X in Fig. the positive and negative sequence ro-
Ry, + _td +j(X, + X,, ) tor currents can be written as in Eq. and
2—s Eq. (see next page), respectively. The ex-
pression of positive sequence component, nega-
1 tive sequence component, and resultant of de-
1+ XimMm, COS veloped electromagnetic torque are obtained as
(2—8)Rp+ Rqg+j5(2—5)(Xm+ Xr) in Eq. (13), Eq. (14), and Eq. (15), respectively.
(10)
m Vi R
n pscosa <R5+Rh+sd>
Iy = 2 +
(R + Bn+ )" + (X, + X,)?
Vi 2 Ry\? Rq\? m Vi 2
(mVpcosa )7 pna ) <Rs + Ry + d> + ((Rs + R+ d> + (X, + X,)2 <Vp2 _ (1t Vpcosa)” pfosa) )
S S S S
+
(Rs + Rn + B4)” 4 (X, + X,)?
N Vp, COS (v Ry (1)
B S Ry + Ry +
[ -5 2—s 4
rn — 2
(RS + Ry + 2;;) + (Xs + X,)?
(N Vi cos a)? Ry 2 Ry 2 9 5 (nm Vi cosa)?
——— | R, R R, +R — X+ X, Vn -
(2 —s)? st ) s 9T + X+ X ’ (2—3s)?
+ 2
(RS + Ry + ;E;) + (X, + X,)?2
(12)
31,
T, = (IrpRq — nm Vpp cos ), (13)
5Ws Factor (CVUF) and is given in Eq. .
3L
T, = ——7— IrnR - ann cos &), 14 V.
(2- s)ws( I ) (1) CVUF% = — -10040,,, (17)
Vp
3y where 6, is the angle of CVUF by which V,, leads the
T = SW (UrpRa = nmV, cos )+ Vp, and this is a significant parameter for choosing the
31, pattern of voltage under different voltage unbalance
T2 8w, (IrnBa = nm Vi cos ). (15)  conditions. If Va, Vi, and V. are the phase voltage that
are applied to the stator windings, hence the relation
between unbalance phase voltage, positive sequence,
3. Stator Current Analysis of and negative sequence voltage are given in Eq.

SPRIMDS under
Unbalance Supply Voltage

TEC 60034-36 defines the voltage unbalance in terms of
symmetrical sequence component equivalent to phase
term as the ratio of negative sequence voltage compo-
nent to positive sequence component, which is called
true definition and is given by the following expression
[24].

Vn
VUF% = Ky = 37 - 100. (16)

p

A common definition of voltage unbalance is an ex-
tension of VUF, which is a Complex Voltage Unbalance

©2021 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING

and Eq. , respectively.

. V. +aVb—|—a2VC

Yo 3

—V,28,  (18)

_ Vo, + a?Vy, + aV.

Va
3

From Fig. 2] the positive and negative sequence cur-

rents can be written as in Eq. and Eq. ,
respectively.

v
Iy = Hpa) = IpZ(B — ¢p), (20)

V,
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According to the symmetrical component analysis,
unbalance phase current of the stator windings can be

given by Eq. .

I, 1 1
Isb = a2 a |:I5p:| .

1 a a? Lsn 22

The stator Current Unbalance Factor (CUF's) [, is
given in Eq. .
v

I A (@)
CUFs =K, = | 7| = f— =3 (Z)K (23)
sp an(a) n

From Eq. the K¢,
Ky, and the ratio of g"gi;
of K¢, to Ky which is very high because Z, is much
higher than Z,, since each of the positive and nega-
tive impedances is the function of the slip and firing
angle («). The Complex Current Unbalance Factor

(CCUFs) of the stator current (CCUFs) can be given
as in Eq. .
Isn

CCUFs T o, ()40,

Kvl(ev + ¢p - ¢n)

is directly proportional to

is represents the sensitivity

_ Zp(a)
Zn()

From Eq. , Eq. and Eq. (24)), the following
expression of stator phase currents as a function of K¢,

and fc, can be derived as in Eq. (25).
Lsa =| Lsp | \/1 + Ko, (@)? + 2K, () cos(Oc, ),
Iy, =| Isp | \/1+ Kc,(a)? + 2Kc, (@) cos(c, — 120°),

Ie =| Iy | \/1 + K¢, (a)? + 2K ¢, (o) cos(fc, + 120°).
(25)

(24)

The limit and the range of variation of stator cur-
rents of SPRIMDS are given by Eq. and Eq. ,
respectively.

Iy(1 = Ko, (o) < Is < Ip(1 + Kc, (), (26)
Al = Ip(1+ Ko, (@) = Is(1 = Ko, (o)) =
_ 2Kv%. (27)

4. Rotor Current Analysis

under Unbalance Supply
Voltage

The rotor complex current unbalance factor, CCUFr,
is defined as in Eq. .

I’r‘n _
7=

p

CCUF, = K¢, Z0c, (o). (28)
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From the positive and negative equivalent circuits
of SPRIMDS, the expression of rotor phase currents as
a function of K¢, and 6, can be derived as in Eq. (29).

Ira =| Iy | /1+ Ke,(a)? + 2Kc, (a) cos(dc,),
Ly =| I, | /1+ Kc, (a)? + 2K¢, (@) cos(0c, — 120°),
Le =| Iy | \/1+ K¢, (a)? + 2K, (a) cos(0c, + 120°),
(29)
where O¢c, () = 0y + ¢p — O + 02(0) + 01 () + 2n7/3
and n = 0,1,2 is the minimum value of rotor current
for phase a, b and ¢, respectively. Based on Eq. @[) and
Eq. (10), 6 () and 65(c) can be written as in Eq.
and Eq. , respectively.

X + X,
01(0) = 90° —tan " [ 2220 (30)
Rh, + 7d
S
X + X,
f2() = 90° — tan™? # (31)
R [,
h+ 2—2)

The stator copper losses, the rotor copper losses, and
developed torque can be re-written in terms K¢, ()

and K¢, (a) as in Eq. , Eq. and Eq. ,

respectively.
P 10ss(stator) = 3I§p(a)R5(1 + K%S (), (32)
2
Py 10ss(rotor) = 33131,(04)1%(1(1 + K%T(a)), (33)
7 — 3I2,(a)Ry <1 B Kgr(a)> N
Ws s 2—s
312 mV;
hlalpeole) (1Kol g
Ws S 2—s
5. Results and Discussions

Simulation of the proposed mathematical model has
been carried out for analysing the performance of
SPRIMDS model under different unbalance voltage
conditions taking into consideration the effect of dif-
ferent firing angles. A typical WRIM of 1.8 kW,
380 V, 50 Hz, 4-pole has been used in the simula-
tion. The parameters of the motor were measured in
the electrical machine laboratory of Salahuddin Uni-
versity - Erbil. Parameters at the stator side are,
R, =240, X, =510, R =342Q, X, =5.10Q,
and X, = 93.5 Q2. SPRIMDS has been tested with un-
balance supply voltage, in which the VUF varied from
0 % up to 10 %, to allow the motor performance state
exceed the NEMA recommended range of 5 %. Fur-
thermore, MATLAB Simulink is implanted to examine
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Tab. 1: Input three-phase voltages, positive and negative sequence voltage components in terms of voltage unbalance factor applied

to SPRIMDS.
VUF (%) Ve (V) Ve (V) Ve (V) Vo (V)
0 220/ — 120° 220/120° 220£0° 0
1 217.94 — 120.8° 216/120° 218/ —0.3° 3.2/29.2°
2 216/ — 121.7° 212.3/120° 216.1Z — 0.5° 4.4/29.2°
3 214.4/ — 122.6° 208.5/120° 214.2/ —0.8° 6.5/29.8°
4 212.84 — 123.4° 204.7/120° 2125/ —1.1° 8.5/30°
5 211.34 — 124.3° 201.52120° 210.7£ — 1.4° 10.5230°
6 209.7/ — 125.2° 197.8/120° 209/ — 1.7° 12.7/30°
7 208.14 — 126° 194.3/120° 207.1£4 — 2° 14.6£30°
8 207/ — 126.8° 191.34120° | 205.74 — 2.3° 16.5230°
9 205.74 — 127.7° 188/120° 204.1£4 — 2.6° 18.4/30°
10 204.5/ — 128.5° 184.6/120° 202.5/ — 2.8° 20.3/30°
the behavior of SPRIMDS during the operation of un- =TT
balance supply voltage. The supply voltage of phase A i
has been adjusted to 220 V, and the other two-phase z
supply voltages B and C are adjusted to get the desired Z 10 i
VUF percentage by varying the magnitude and phase %,’.
angle as shown in Tab. [T =
5t —-Simulation VUF=0% 1
—o-Proposed model VUF=0%
—-Proposed model VUF=5%
—Simulation VUF=5%
-=-Simulation VUF=10%
0 -a-Proposed model VUF=10%
5.1. Output Torque with Unbalance 1160 1180 1200 1220 s12‘40 1260 1280 1300 1320 1340 1360
. o s peed (rpm)
Factor for Different Firing
Angles Fig. 4: Torque-speed characteristic of SPRIMDS for different
values of VUF at a = 100° from the proposed model
and simulation.
To investigate the performance of SPRIMDS under un-
balance conditions, torque-speed characteristics have
been evaluated for o = 90°,100°,120°, and 140°. 15 —
Figure 3] illustrates the variation of the developed elec- T=C
tromagnetic torque with the rotor speed in different
values of VUF (0—10) % based on the proposed model. ~ Z10- |
It has been seen that when the value of VUF % in- £
creases, the rotor speed, the starting torque, and the &
=]
maximum torque reduce for different values of . Also, T s} -o-glmulan&)n VUF .
Fig. [4 and Fig. [5] show comparisons of the proposed b giSBSISSd $§<§11: VUF- =5%
. . ——Simulation 9
model and MATLAB simulation for (¢« = 100° and --[S):mglgt:;o)n VUEL0% 1o
. 3 —=-Proposed mode o
120°,), respectively. Results are found to be in good 055 . 505 5t 000 050

agreement for all values of VUF at different a. The
average absolute error difference between the proposed
model and simulation results at rated load is about
4 rpm.

35 : ;
= ——— ———— =
30 === == = 1
s = N ‘\.\
25 \ 1
520- \ k
< 0=90°
ERp 0=140° 0=120° =100
PEEianiiEEs. SRR T
=
10F —VUF=0% — VUF=6% .
—VUF=1% — VUF=7%
VUF=20, — VUF=8%
5 VUF=3% — VUF=9% 1
VUF=2% — VUF=10%
o L_—VUF=5% ]
500 Speed (rpm) 1000 1500

Fig. 3: Torque-speed characteristic of SPRIMDS for different
VUF and firing angles.
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50
Speed (rpm)

Fig. 5: Torque-speed characteristic of SPRIMDS for different
values of VUF at a = 120° from the proposed model
and simulation.

Table [2] shows the motor speed of the given drive
system when is loaded by full load torque with various
values of VUF within the given range, at 100°,120°
and 140°, respectively. It is clear to see that the mo-
tor speed of the machine at constant load has reduced
when VUF in supply is increased. It can be seen that
the motor speed decreased from 1231 rpm to 1209 rpm,
914 rpm to 884 rpm and 654 rpm to 621 rpm, when
VUF is increased from (0 — 10) % for « = 100°,120°
and 140°, respectively.

Table |3 shows the variation of starting torque and
maximum torque with VUF, for different values of a.
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The results obtained by the proposed model are veri-
fied by MATLAB simulation and the average absolute
error is about 0.3 Nm. It can be noted that the max-
imum torque decreases from 34.15 to 28.82 Nm when
VUF (0 — 10) % increases, and it reduced by 15.6 %
of its normal value at VUF = 10 %. The variation of
starting torques with VUF (0 — 10) % at different fir-
ing angles is observed in Tab. The starting torque
at o = 100° and 120° decreases from (29.92 to
25.14) Nm and (33.95 to 28.53) Nm, respectively.
It is noted that the starting torque decreased by
15.97 % at a VUF of 10 %.

Tab. 2: The variation of rotor speed versus VUF % for different
firing angles.

VUF | Rotor speed (rpm) at full load torque
(%) [a@=100° | a = 120° o = 140°

0 1231 914 654

1 1230 911 651

2 1229 909 648

3 1225 906 645

4 1223 903 642

5 1222 900 639

6 1220 897 635

7 1217 894 632

8 1214 891 628

9 1212 888 624

10 1209 884 621

Tab. 3: The variation of the starting torque and maximum
torque versus VUF for different firing angles.

° Starting torque (Nm) Maximum

~ a = 100° a = 120° torque (Nm)
g Prop. Simu. Prop. Simu. Prop. Simu.
> model | model | model | model | model | model
0 29.92 30.24 33.95 34.27 34.15 34.45
1 29.4 29.75 33.36 33.67 33.56 33.87
2 28.91 29.35 32.8 33.12 32.99 33.31
3 28.37 28.68 32.2 32.65 32.4 32.7
4 27.92 28.25 31.67 32.01 31.88 32.21
5 27.43 27.72 31.13 31.46 31.34 31.65
6 26.93 27.27 30.56 30.87 30.79 31.10
7 26.49 26.81 30.06 30.41 30.29 30.61
8 26.03 26.35 29.55 29.86 29.8 3011
9 25.59 25.91 29.03 29.36 29.31 29.62
10 25.14 25.44 28.53 28.85 28.82 29.12

5.2. Influence of VUF on Motor

Currents and Impedances

The positive sequence component, negative sequence
component, and current unbalance factor of stator cur-
rents can be calculated based on Eq. , Eq. 7 and
Eq. . The variation of the positive sequence cur-
rent (Ip), negative sequence current (I, ), and (CUFs)
as the result from the proposed model and MATLAB
Simulation for (o = 100°,120° and 140°) versus VUF
are shown in Fig. [f] Fig.[7]and Fig.[§] respectively. The
CUF % of stator current increased from 0 % to 36 %
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when VUF is increased from 0 % to 10 % at o = 120°.
Also, the effect of firing angle o upon the I, I5,, and
CUPFs of the stator is shown in the same Figs. It can
be observed that increasing o value from 100° to 140°,
Iy, decreases from 1.85 A to 1.25 A, and I, decreases
from 4.35 A to 3.85 A, while CUFs decreases from 43 %
to 31 %.

—o-Proposed model (¢=100°) —=-Simulation (a=120°)
- Simulation (a=100° —+-Proposed model (a=140°)
| -a-Proposed model (a=120°) —+-Simulation (0=140°)

>
n

Positive sequence stator
current component (A)

w
n

Fig. 6: Positive sequence component of stator current versus
VUF for different values of a.

- Proposed model (0=120°)
—-Simulation (a=120°)

—-Proposed model (0=140°)
—-Simulation (0=140°)

Negative sequence stator
current component (A)

5
VUF %

Fig. 7: Negative sequence component of stator current versus
VUF for different values of a.

Figure [] illustrates the variations of CUFs at slip
values of 0.1, 0.2, and 0.33. It can be seen that CUFs
increase linearly with VUF for a constant slip. At high
speeds (low value of «), the CUFs is more sensitive to
VUF, and at low speed (high value of «), the sensitivity
becomes low. The ratio of VUF to CUF is equal to
Zy/Z,, and both are the function of slip and «a.

*Ye-Proposed Mathematical Model (a=100°) |

35 —--MATLAB Simulink (a=100°)

~|-=Proposed Mathematical Model (0=120°) -
-=-MATLAB Simulink (0=120°) v
—Proposed Mathematical Model (0=140°) .«
25|+-MATLAB Simulink (a=140°) s - = Td

201 - P 4
15¢ C=F ,

101 2 J

St

5
VUF %

Fig. 8: CUF's versus VUF for different values of a.
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Fig. 9: CUF's versus VUF for different values of slip.
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Fig. 10: The variation of positive and negative impedance ver-
sus VUF for different values of «.
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Fig. 11: The variation of positive and negative impedance ver-
sus « for different values of VUF.

Figure@shows the variation of Z, and Z,, as a func-
tion of VUF % for different values of (av = 100°,120°
and 140°). It can be seen that Z, increases and
Z, decreases with increasing VUF for different values
of a. However, the rate of change of Z,, is higher than
of Z,.

Figure [11] shows the variation of Zp and Z,, based
on Eq. @D and Eq. for firing angle inversion mode
(av =900 to 1650) for VUF of 0 %, 5 % and 10 %. It can
be observed that Z, increases slightly with increasing
o, while Z, increases dramatically for high value of «
due to the overlap angle of the inverter.
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5.3. Influence of Voltage Unbalance

Phase Angle on the Motor
Currents at Constant VUF

Figure [[2] shows the variation of the stator
currents Is,, I, and I, versus 6, which
are obtained from Eq. , for VUF of 5 %
(slip = 0.184), and VUF of 10 % (slip = 0.192), at
full load torque and « = 100°. It clearly can be
noted that stator current significantly varies with 6,
in this range (Alynax = 0.367 A) for VUF of 5 %, and
(Alnax = 0.619 A) for VUF of 10 %.

—--Phase A, VUF%=5---Phase C, VUF%=5 —Phase B, VUF%=10
—--Phase B, VUF%=5—Phase A, \ZUF%ZIO —Phase C, VUF%=10 |
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Fig. 12: The three-phase stator current versus 6, for (VUF
=5 % and 10 %) and o = 100°.
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Fig. 13: The three-phase rotor current versus 6,, for (VUF =5 %
and 10 %) and « = 100°.

Figure shows the variation of the rotor currents
Lo, Iy, and I,.. against 6, which are calculated from
Eq. (29), for VUF of 5 % (slip = 0.184), and VUF
of 10 % (slip = 0.192), at rated load and o = 100°.
It can be noticed that the rotor current significantly
varies with 6, in this range of (AlL.x = 0.364 A) for
VUF of 5 %, and (Alpax = 0.595 A) for VUF of 10 %.

5.4. Influence of VUF on the Power

Factor and Efficiency
The variations of the power factors with VUF are

shown in Fig. It clearly can be seen that for
a = 90°, 100°, 120° and 140°, the power factor slightly
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increases with increasing the VUF. Figure shows
the motor efficiency versus VUF for different values of
a = 90°, 100°, 120° and 140°. The efficiency drops
with increasing the asymmetry of the supply voltage.
When the supply voltage is balanced for o = 90°, 100°,
120° and 140°, the efficiencies are 80.37 %, 77.9 %,
72.1 % and 63.8 %, while VUF becomes 10 %, the ef-
ficiencies are decreased to 74.5 %, 72 %, 64.5 % and
55.6 %, respectively, for the same a.

0.9 ! T T T T T T T T
--Proposed model
4=90° —=-Simulation
"*»—--o-——0———~-—-OU——-‘——-v-—-o—-—a———.—_;
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2“'7;_-*---._--.u_.-__._--.___*_‘_:_'__.‘__4
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50'6’ 0=120° |
.__..,_-_.___._U_.__-‘___.-__,___4___.___
0.50 -
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- a=140°
0.4 : s i ‘ | ‘ | ‘ ‘
0 1 2 3 5 s 5 10
VUF %

Fig. 14: The power factor versus VUF for different a.

- -Pfoposcd ‘model
--Simulation

Efficiency %

Fig. 15: The efficiency versus VUF for different «.

Influence of VUF on the Stator
and Rotor Current Waveforms

5.5.

Tabled and Tab. Blshow the variation of THD of stator
and rotor phase currents versus VUF, respectively. No-
ticeably, the THD increases significantly by increasing
the degree of unbalanced supply. On the other hand,
THD increases by increasing the firing angle of the in-
verter. However, the rotor current is more affected by
increasing the VUF than the stator current.

200

Tab. 4: The variation of THD of stator and rotor currents for
different values of VUF at o = 100°.

VUF THD % of stator THD % of rotor
(%) currents currents
Isa I.sb Isc I'ra I'rb Irc
0 2.24 2.69 2.32 7.07 6.91 7.11
1 2.91 2.76 2.79 8.35 8.16 8.19
2 4.04 3.85 3.86 10.15 9.98 10.12
3 5.12 5.29 5.35 12.81 12.7 12.33
4 6.17 6.76 6.92 15.26 | 14.86 15.13
5 7.12 8.16 8.49 17.81 17.37 | 17.81
6 8.18 9.86 10.25 | 20.54 | 20.37 | 20.17
7 9.05 11.2 11.63 | 23.02 | 22.89 | 23.33
8 9.66 12.22 12.65 | 25.33 | 25.74 | 25.22
9 10.22 13.37 13.4 28.75 | 28.29 | 27.52
10 10.54 | 14.27 | 14.31 30.76 | 31.85 | 30.26

Tab. 5: The variation of THD of stator and rotor currents for
different values of VUF at o = 120°.

THD % of stator THD % of rotor
VUF
(%) currents currents
Isq Lsp Isc Ira Irp Ire
0 5.55 | 5.31 5.61 15.14 | 15.29 | 15.18
1 5.61 | 5.41 5.72 15.25 | 15.61 | 15.48
2 5.88 | 5.58 5.95 16.12 | 16.05 | 15.96
3 6.26 | 5.98 6.45 17.73 | 17.37 | 17.36
4 6.44 6.1 6.66 18.65 | 18.27 | 18.59
5 7.18 6.3 7.25 20.31 | 20.95 | 20.34
6 7.83 6.7 7.95 22.89 | 21.98 | 22.15
7 8.23 | 7.45 8.55 24.22 | 23.45 | 23.45
8 8.71 | 7.96 8.93 25.5 26.06 | 25.87
9 9.29 8.5 9.7 26.5 26.8 26.57
10 9.66 9.2 10.13 | 27.81 | 28.51 | 27.96
6. Conclusion

In this paper, a mathematical model of SPRIMDS un-
der the influence of unbalance supply voltage has been
proposed. The proposed model was validated by using
MATLAB/Simulink. The results for both mathemati-
cal model and simulation have shown that under unbal-
ance supply conditions, the unbalance current depends
on VUF, 6,, positive and negative impedances, firing
angle of the inverter, and the motor speed. However,
there are some differences in mathematical models and
simulation results due to different assumptions in de-
rives of mathematical model and MATLAB/Simulink
for reducing the complexity of the system. The results
of this paper established that there are negative im-
pacts of the unbalance supply on the performance of
SPRIMDS.

Overall, the conclusion can be summarized as the
following:

e Increasing the unbalance supply voltage at the
rated load, the rotor speed is decreased for dif-
ferent firing angles.
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The sensitivity of current unbalance to voltage un-
balance is given by the ratio of (Z,/Z,).

At the constant value of VUF and speed, the maxi-
mum stator and rotor currents varied within a cer-
tain range according to the value of 6,,.

The motor efficiency decreases with increasing the
VUF, and the power factor increases with increas-
ing the VUF due to decreasing the positive voltage
component and hence decreasing the magnetizing
currents.

The maximum torque and starting torque decrease
by increasing the VUF.

For any value of VUF| the current unbalance fac-
tor decreased with increasing the inverter firing
angle. Also, the CUF of stator current is high
at high speed, and decreases with decreasing the
motor speed.

The THD of stator and rotor currents depends on
the VUF, firing angle, and speed. Also, the rotor
current is more sensitive to increasing the VUF
than stator currents.
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