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1. INTRODUCTION

Single-phase Induction Motor (IM) is one of the most applicable electrical machines which are used
in low power domestic and industrial applications. This electrical motor can be used in vacuum cleaners,
washers, compressors, fans and etc. Generally, a single-phase IM has two main and auxiliary windings and
its operation needs one or two capacitors. To guarantee the efficient use of energy, the investigation of
different single-phase IM drive schemes have been increased by researchers. In these drives the single-phase
IM, without capacitor, is treated as an asymmetric 2-phase IM [1].

Different converter topologies have been proposed to supply single-phase machine, for example,
one-leg inverter [2], 2-leg inverter [1], [3] 3-leg inverter [4], [5] and 4-leg inverter [6]. This paper
investigates the use of 2-leg inverter as shown in Figure 1 for feeding the single-phase IM. This configuration
is indicated for high performance applications [1], [3] (It should be pointed out that the focus h here is on
the detailed analysis and design of the vector control strategy for single-phase IM drives). Field-Oriented
Control (FOC) method is widely used for implementing high performance vector control of single-phase IM
drives. This method has been increasingly adopted as the standard control technique for industrial demands
[1]. (3], [7]-[16].

One of the main drawbacks in the presented FOC methods to control single-phase IM drives is using
the supposition of (J’la\"d;ﬁ"m\"q]2=L(M’Lq._v (Las, Lge, Ma, M, indicate the stator and rotor d-q axes self and mutual
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inductances) [1], [3], [7]-[15]. It can be noted that for simplifying vector control equations in single-phase IM
the supposition of (M{,,-’Mq]zzl.d_\fl.qx is used. It was shown in [16] using this assumption is reflected in the
torque response of the single- phdsc M du\fc system. In [16], a method for Indirect Rotor flux FOC (IRFOC)
of single-phase IM without using (M /M, ] =Lg,/Ly has been presented. However, the introduced method in
[16] is extremely depends on motor parameters variations.

This study shows the single-phase IM can be modeled as two balanced circuits (forward and
backward circuits). Based on this simplifying, a novel vector control method for &hgle-phase IM based on
FOC algorithm and without using [M(;"Mq]2=,[.dx;’£.qx is presented (switching FOC). This paper isa"ganizcd as
follows: After introduction in section 1, in section 2, d-q model of single-phase IM is presented. Next, section
3 describes the development of the FOC algorithm, followed by presenting proposed switching FOC scheme
for vector control of single-phase IM drives. The performance of the presented method is analyzed and
checked using Matlab/Simulink software in section 4 and section 5 concludes the paper.

Single-Phase IM

1 L,
i 5

Figure 1. Single-phase IM drive system (2-leg inverter)
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2. MODELING OF SINGLE PHAS@'I 19
Neglecting the core saturation d-q model of the single-phase IM 1 the stationary reference
frame (superscript “s™) can be shown as the following equations [15]:

5 - d/‘t;‘s 5 -5 dj’;r:
vds = ":ﬁlds + L] gs = rgsqu + df
dx dz,
O=ri, +— 2 4+eX , 0=rii +— Lol
dr df T 2 régr df dr
Ay =Lty +M,i, . A. —Lq,qu +M,i, )
Ky =Myii + Liy, K, =My, +Li

-2 OIe(Mq i, - MiLi)

Pole de
(z,-1,)=J—L+Feo,
dr

In (1), V', Vigs are th_e r d-q axes voltages, iy, ', are _thc stator d-q axes currents, 'y, 'y, are the
rotor d-q currents, A, A%, are the stator d-q axes fluxes and 2',, re the rotor d-q axes fluxes. 7y, 1.
r.indicate Zefistator and r -q axes resistances. Ly, Ly, L, My, M, te the stator and rotor d-q axes self
and mutual inductances. @, 18 the motor speed. .., r; are electromagnetic torque and load torque. J, F are the
moment of inertia and viscous friction coefficient respectively.

3. SWITCHING FOC METHOD FOR YECTOR CONTROL OF SINGLE-PHASE IM

In this section, a novel method for vector control of single-phase IM drives based on IRFOC is
proposed. In the RFOC strategy it is necessary that the machine equations transfer to the rotating reference
IJECE Vol. 6, No. 2, April 2016 : 474 — 483
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frame. For this purpose, the transformation matrix as shown in equation (2) is applied to the machine
equations [17]:

[Tf]Z { cos@, sin 9(,] o

—sind, cosé,
In (2), superscript “e” indicates that the equations are in the rotating reference frame. Moreover, “6,”
is the angle between the stationary and rotating reference frames. By applying (2) to the equations of the
single-phase IM (equations (1)), equations (3a) and (3b) are obtained:

sn) (rt)a asr)  Gnen)a (o)

R 2 2 dt N 2 2 “ 2
i) ) een)a Gesd) aean)a [
Var | = ( © 2 2 ( 2 ) 2t e
0 e, et )a ) e i
’ oo, ) G enn) " e

o [ o [
| (o, - ',)ff f; (o, -, )L, Lo |
[ (?n’\ s ) Ln’u - Lm )i [Ln’f - Lm ) [Mn’ - M:r ) i [MJ - Mq’) |
2 2. dt ‘ 2 At 2 .
[Lg.n _sz\J [“,.'. _}q\J_ [‘2{'“{.- - Lq.‘-] d W [MJ - M:j _ [MJ - M!f] d ‘i
© 2 2 2 dt 2 2 dt|
+ (,-M,)a 0.0 ][M!, -M,) . . o
Z[M M ) e [My Mﬁ G
(@, — e, )—= ; L —— T j{ 0 0 (3a)
iy cosf),  sind, 0 &
e H
s —sinf, cosf, 0 0 i
i cos), —sin€ 0 0 i
il sinf,  cosé 0 i
o R - S )
i 0 0 cos@, sind, |ij,
iy 0 0 —sinf, cosd, | i,
iy 0 0 cosf), —sind
x| [ O 0 sinf,  cos6, |

In (3a), “w.” is the angular velocity of the rotor field oriented reference frame. As can be seen, in
general, equation (3a) includes two terms (forward term: superscript “+e” and backward term: superscript -
€"). Each term represents a balanced equation where rotates in the forward or backward direction as shown in
Figure 2.
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Figure 2. Forward, backward and stationary reference frames (“+e”: forward, “-e”: backward and “s™

stationary)

As can be seen from (3a), the structure of the forward and backward terms is similar to the
conventional 3-phase IM equations. The only difference between forward terms and conventional 3-phase IM
equations is that, in the forward terms there are: (ry+r4,)/2, (Lg+Ly, V2 and (M;+3,)/2 but in the conventional
3-phase IM we have: r,, L,=L,+1.5L,, and M=1.5L,.. Moreover, the difference between backward terms and
conventional 3-phase IM equations is that, in the backward terms there are: (ry-7,,)/2, (Ly-Lo)/2, (MM,)/2,
=0, L,=0 and there are -i,," and -i,,° but in the conventional 3-phase IM we have: L;=Lj+1.5L,,, M=1.5L,,,

. L#0 and there are i,,” and i,,". The block diagram of forward and backward IRFOC can be shown as

Figure 3 and Figure 4 respectively.
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Figure 3. Block diagram of forward IRFOC
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Figure 4. Block diagram of backward IRFOC

Therefore, two developed IRFOC algorithms with two forward and backward currents can be used
for vector control of a single-phase IM. The block diagram of the proposed IRFOC for single-phase IM drives
is shown in Figure 5. In Figure 5, in order to alternately switched between the forward and backward states, a
switch is used whereby this switch will consecutively change positions in each sampling time.
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Figure 5. E-:k diagram of the proposed IRFOC for vector control of single-phase IM drives
In Figure 5, 2 to 2 transformation matrix ([ 7,]) is obtained as (4):

[T,]{:} ?] 4)
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Cunsequm', to simplify proposed FOC in Figure 5, single FOC algorithm with only changes in the
motor parameters can be used for vector control of single-phase IM drives (see Figure 6).
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Figure 6. Block diagram of the simplified proposed FOC for vector control of single-phase IM drives

35
’ SIMULATION RESULTS

In this section, the simulation results based on Figure 5 and Figure 6 is carried out to validate the
proposed control strategy. A 0.25Hp single-]?e IM is driven by a 2-leg voltage source inverter. The
ulation investigation is mainly focused on the motor speed and torque responses. The motor parameters
are shown in Table 1.

Table 1. Ratings and parameters of the single-phase IM

Voltage 90V
Frequency (/) 60Hz
No. of Poles 4

Power 0.25Hp
s 7.14Q2
s 2020
M, 0.1772H
ry 4120
Ly, 0.1885H
Las 0.1844H
J 0.0146kg.m*
F 0.0N.ms

Figure 7 %ws t mulation results of the proposed controller for a trapezoidal reference speed
from 500 rpm to -500 rpm. It 1s seen that the real speed signal are so accurate that hardly can be distinguished
from the corresponding reference speed signal. As can be seen from Figure 7, the maximum speed error is
about 1.5 rpm. The main and auxiliary stator currents and electromagnetic torque for trapezoidal reference
speed are also shown in Figure 7. As shown n Figure 7, the sinusoidal form of the stator currents is
maintained in the different speed. Moreover, an be seen that the electromagnetic torque has a quick
response with no pulsations.

IJECE Vol. 6, No. 2, April 2016 : 474 — 483
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Figure 7. Simulation results of the proposed controller for the trapezoidal reference speed from top to bottom:
Stator Currents, Zoom of Stator Currents, Speed, Speed Error, Torque
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Figure 8 shows simulation results of the proposed strategy for vector control of the single-phase IM
in the nominal and zero reference speeds and under load condition. In Figure 8, the motor is running at the
reference speed of Orpm. Then at t=3s a step change of 1800rpm is introduced. In addition, at t=9s, a step load
of 1.2N.m is introduced and at t=11s is removed. It is evident from Figure 8 that although at the moment of
applying load there is a small speed dip but then it is restored quickly. Based on presented results in Figure 8,
using proposed drive system, the maximum speed error in nominal speed and during load condition is about
0.4 rpm. Moreover, the maximum speed error in zero reference speed is about 0.1 rpm. As shown from Figure
8 the torque increases accordingly to en that the speed is maintained at 1800rpm. It can be seen from
Figure 7 and Figure 8 that the dynamic performance of the proposed controller for the single-phase IM is
extremely acceptable.
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Figure 8. Simulation results of the proposed controller in the nominal and zero reference speeds and under

load condition from top to bottom: Speed, Torque
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Figure 9 shows the comparison between gsteady-state torque response of the RFOC at the nominal
reference speed by considering (M(f"qu:Ld.v"qu (e.g., [1]. [3]. [7)-[15]) and without considering
(M, f-"Mq)2=Ld_v-"qu (switching FOC). Larger torque ripple can be seen when the assumption (M. s"Mq]2=L,;_w-"qu is
used. It is concluded in comparison with the previous schemes for RFOC of single-phase IM drives, the
proposed controller in this study gives better performance.
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Figure 9. Simulation results of the comparison between torque response at the nominal reference speed; left:
assuming (M{,,-"Mq)2=L{,_\«-"Lq_“, right: not assuming (M{,.,-"Mq)2=Ld_‘;"£.q_“,
5. CONCLUSION

In this paper, a vector control strategy for single-phase IM drives based on Indirect Rotor flux Field-
Oriented Control is proposed and tested. It was shown that the single-phase IM equations in the rotating
reference frame can be classified as the balanced equations. Based on this simplicity, a novel vector control
method using two developed IRFOC algorithms was proposed. As a result, these two algorithms were
simplified as single IRFOC algorithm. Simulation results showed that the proposed switching FOC strategy
works well over most speed ranges and under load condition.
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