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Performance enhancement of split-phase induction
motor by using fuzzy-based PID controller

Mohamed I. Abdelwanis, Ragab A. El-Sehiemy*

This paper presents control and analysis of a split-phase induction motor (SPIM) to drive a centrifugal pumping system.
An optimized proportional- integral and derivative (PID) controller, that is capable with a vector closed-loop split-phase
induction motor control, is presented and its simulation results are discussed. The fine-tuning procedure is employed
for fuzzy PID (FPID) controller parameters in order to sustain the motor speed at the predefined reference values. To
assess the performance of the competitive controllers, conventional PID (CPID) and FPID, four operational indices for are
suggested for measure the capability of the two controllers. These indices involve individual steady state error (ISSE) for
each operating period, total steady state error (TSSE) for overall loading cycle, Individual oscillation index (IOI) and Total
oscillation index (TOI), in order to measure the capability of the FPID compared with CPID. The performance of the SPIM
accomplished with these performance indices is checked and tested on high and low speed levels. Pulse width modulation
(PWM) based simulation studies were employed for SPIM using MATLAB/SIMULINK software. The results show that the

overall performance of the SPIM operated with vector control that is tuned by FPID is enhanced compared with CPID.

Keywords: centrifugal pumping system, fuzzy PID controller (FPID), pulse width modulation split-phase induction

motor, steady state performance indices, vector control

Nomenclature

T, 1Ty reference electrical torque and load torque
R,, R, R, resistances of auxiliary, main and rotor, )

Wy N rotor frame angular speed and rotational
speed
Tas, Iys stator current components in the d-and ¢-

axes respectively, A
Lsq, Lsm, Lrauxiliary, main and rotor inductances re-
spectively, H
auxiliary and main magnetization induc-
tances, H

Lma; me

P number of pole pairs

T,, andT, main and auxiliary total number of turns

Vias, Vys direct and quadrature components of stator
voltages

Vs, Wgs direct and quadrature stator flux component

a main to auxiliary winding ratio

J motor inertia, kgm?

B friction coefficient

1/s integration operator

I, 1, main and auxiliary winding currents, A

1 Introduction

The single-phase induction motor is better than poly-
phase motor especially in small power applications. Split-
phase induction motor (SPIM) is rugged, very simple in
its structure, and inherently appropriate for split-phase

power supplies. The SPIM are used in several commercial
and domestic applications like air conditioning fans, blow-
ers, centrifugal pumps, washing machine, grinder, house-
hold appliances and lathes [1,2]. The new features and
opportunities of this motor type have not been heavily
researched due to its low rated power and rather limited
industrial applications [1].

The construction of SPIM has main and auxiliary
phases. Different speed control methods for variable speed
operation of split-phase induction motor have already
been created. The commonly employed speed control
technique is the stator voltage/frequency control, where
the motor terminal voltage and frequency are varied to
obtain wide speed operation [3]. The overheating problem
of the main winding at low speed drawback of application
of variable speed methods for SPIM is. In the other side,
this method is more suited for SPIM with high rotor re-
sistance. Previously to control the IM operation, number
of control methods were developed for this target such
as vector control method, V/F control and magnetic flux
controller [4].

The development of artificial intelligence control tech-
niques and their applications in different engineering ar-
eas has changed dramatically especially with the integra-
tion of fuzzy logic. In the last few decades, it was noticed
the capability of fuzzy logic to overcome conventional
controllers’ challenges for increased systems complexity.
In [5], fuzzy and ANFIS controllers were presented to
control the interconnected combined cycle gas turbine.
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Fig. 1. Primary Single-phase inverter and two phase motor

While in [6-10], the fuzzy logic was developed for solv-
ing power systems problems as for finding the preventive
emergency reactive power solution in [6] to control the op-
eration switched reluctance machine [7], fuzzy controller
of power system stabilizer to achieve acceptable levels of
damped power system oscillations [8], employing speed
control of the sensorless BLDC Motor Drive [9]. In [10],
a fuzzy based framework was presented to find the opti-
mal monitoring scheme using phasor measurement units
in power systems.

The usage of fuzzy logic associated with CPID con-
troller in [11] with an optimized controller’s parameters.
In [12], the FPID controller was employed for dual axis
turntable servo system. Improved FPID controller is de-
sign using predictive functional control structure [13].
Simulation and control of a complex nonlinear dynamic
behaviour of multi-stage evaporator using CPID and
FPID controllers is presented in [14]. Tunned coefficients
PI controller was applied on induction motor using hy-
brid algorithm that combines the merits of genetic and
fuzzy logic for V/f controller [15]. The scheduling of the
CPID parameters was enhanced by fuzzy-logic to get the
optimal system performance [16-18].

The Fuzzy logic based maximum torque control for a
split-phase induction motor was presented in [19, 20]. Sen-
sorless fuzzy speed control for split phase induction mo-
tors was presented in [21-24]. Hybrid neural-fuzzy control
of the split-phase induction machine is given in [25]. High
performance vector control of split phase induction motor
was presented [26]. Hybrid FPID controller was presented
to control speed of AC induction motor in [27] and [28].
In [29], the fuzzy logic was developed for speed control
of single-phase induction motor. The main points of this
paper are:

e Deriving the mathematical models of SPIM
e Providing the analytical study of the dg- equivalent
circuit of SPIM.
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e Providing a fuzzy based closed loop control system for
controlling the speed at high and low speed levels.

e Suggesting four operational indices, Individual steady
state error, Total steady state error, Individual oscil-
lation index, and Total oscillation index, in order to
measure the capability of the FPID compared with
CPID.

e The suggested indices are applied for motor speed,
input current and the controller rise time.

e The proposed controller is tested for starting, peak,
shoulder, accelerated speed at reduced torques loading
conditions for the cycle of operation.

2 Modelling and analysis
of SPIM and its inverter

2.1 Single phase inverter

To produce a variable sinusoidal wave form, the vector
control and single-phase inverter are used to control the
speed of the SPIM. Figure 1 presents the typical config-
uration of the single-phase inverter.

2.2 Driving equations of the modified single-phase in-
verter

According to Kirchhoff voltage law (KVL), the driving
equations to provide accurate analysis of voltage equa-
tions are presented as

(1)
(2)

Vao = Van + Vno »

Vbo = Ubn + Uno -

Adding (1) and (2) leads to the common voltage

3)

1
Uno = 5 [Uao + Vbo — Van — vbn] .

2.3 d-q model of SPIM

In order to alleviate the time-change effects of induc-
tances on the terminal voltage, the SPIM windings of
stator and rotor sides are represented in Fig. 2, and the
dg-axis reference frame which is a stationary reference
farm [33]. The SPIM sinusoidal voltages can be expressed
as [31]

Vas = Vi sin(wt) |

Vps = Vim sin(wt + %) ) (5)
R, L, Lo g O
O—VW——(—9
iqs lqr «—
V. L.g
O

Fig. 2. dg- equivalent circuit of split phase induction motor
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Fig. 3. Representation of the proposed FPID controller with vector controller
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Fig. 4. Fuzzy based tuning of PID coefficients

The voltage components in the dg-axes decomposition
can be reformulated as

Vy = U sin(0 — g), (6)
(7)

In g-axis, the flux and current components of the stator
and rotor are represented as in (8)—(11)

Vi = v sin(6).

1 .
Vgs = S [Vas — Raigs] (8)
o = < | = Ryigy + Susy )
qr — s rlqr a r¥dr|
. 1 )
lgs = [¥gs — Linaiqr] s (10)
Lsa

(11)

While, the flux and current components are presented as
1

. 1 .
lgr = L_ [wqr - Lmalqs] .

Yas = S [Vas — Rnias] (12)
g = Lim [pSias — Lunmiar] (13)
Yar = é [—Rriagr + awrthgr], (14)
iar = 7= [ar — Lonmia, (15)

where a =T, /T,.
The motor torque and speed components are expressed
as follows

Te = g [quiqr - wdsiqr] P (16)
_plrl 2
wr =55 F(T-Te-ppw))an
2 60

3 Proposed design procedure
of fuzzy controller of SPIM

Figure 3 shows the proposed controller block diagram
of the SPIM. The proposed controller aims to achieve
reliable operation of the SPIM. As the vector control
method has salient features as its simplicity and good
accuracy of the estimated motor speed [18], the proposed
controller involves the vector control method as shown
in Figure 3. The main aim is to manage flux and stator
current. The deviation between reference and measured
speed

e(t) = Wref — wr (19)
is passed through FPID speed controller to produce a
reference electrical torque

TX=FPIDe(t). (20)
The reference direct and quadrature currents are
. Yy
Idsl = ﬁ’ (21)
2 L, T
Ijg = - = (22)
p Lm Y5
The flux angle can be calculated from
. 1r2R.Ly,I;,
=Sl e (23)
The values of 17, and I, are employed to obtain i,
ids
Qs = algg sin6; + 17 cos Oy, (24)
ins = Lgs1 costy — I gy sind; . (25)

These phase currents (i, ij,) are compared with the
captured phase currents (iqs, iqs) and the error signal
is passed through hysteresis-band controller to generate
switching pulses for voltage source inverter (VSI).

3.1 Design of closed-loop control system

To enhance the system performance, a closed-loop vec-
tor control was introduced. The deviation between the
measured and reference speeds is defined as the error sig-
nal. The magnitude of error signal and its sign can be
calculated from (19). Based on this error, the PID con-
troller corrects the motor frequency deviation to recom-
pense this error. The design of PID controller is required
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Fig. 5. Fuzzy modelling of input variables (error and change of

Degree of membership
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Fig. 6. Modelling for FPID coefficients K, K,

error)
Table 1. Fuzzy rules truth tables of the FPID controller
e(t) Ae K, K} B e(t) Ae K, K} B
NH  high low VL NH low high H
NM  high low VL NM low high L
NL high low VL NL high  high L

NH,PH ZE high low

VL NL,PL ZE high low VL

PL  high low VL PL  high high L
PM  high low VL PM  low  high L
PH  high low VL PH low high H
NH low  high L NH low  high VH
NM  high high L NM  low  high H
NL  high low VL NL low  high L
NM, PM ZE high low VL ZE ZE  high high L
PL  high low VL PL low  high L
PM  high high L PM  low  high H
PH  high high L PH low high VH

Degree of membership

VL L H VH

1 2 3 4 5 B 6

Fig. 7. Fuzzy modelling for weighting coefficient

in order to determine the three coefficients: K,, K;, Kq,

that minimize the cost function

u(t) = Kpe(t) +Ki/€(t)dt+ Kddz_$5)7

de(t)
dt ’

u(t) = Kpelt) + 2 / e(t)dt + K, T,

K2

(26)

(27)

where, T; and Ty are the integral and derivative time
constants.

In the proposed FPID controller, the fuzzy system con-
trols the PID parameters which are considered as the pri-
mary controller. In this regard, two signals, speed error
and its change of error, are considered as the input vari-
ables to the fuzzy system while the output variables are
the tunned PID coefficients (K, K4, K;). The tuned PID
parameters are employed to control the inverter input sig-
nal as shown in Fig. 4. The K, and K, are normalized,
as in [32]

Kp min — Kp
Kp min — Kp max

where Kpmin 0 and Kjmax are the minimum and maxi-
mum limits of K, coefficient.

~ Kimin — Kq
Kimax — Kgmin

K, = (28)

K} = (20)

where Kgmin and Kgmax are the minimum and maxi-
mum limits of K, coefficient.
The integral time constant (7;) by

T; = BTy. (30)
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Then, integral coefficient K; is computed from

K K?
==L (31)

BTa  BK4

The tunned FPID coefficients are updated
Kp = Kpmin + K;,/; (Kpmax - Kpmin); (32)
Kd:Kdmin“i’K(/j(Kdmax*Kdmin); (33)
K2

K, =—2. 34
5K, (34)

4 Application

4.1 Simulated cases

The capability of the proposed fuzzy based speed con-
troller is proven via the MATLAB/Simulink by adopting
the modelling of the SPIM-pumping system via two stud-
ied cases. The first case (Case 1) emulates the operation
at high speed, (1480 rpm) while the second operation case
(Case 2) emulates the operation at low speed, (800 rpm).

4.2 Tunning of fuzzy PID controller

Figure 4 shows the procedure of tuning various FPID
parameters to obtain the healthy control indicator. The
input variables are modeled in the fuzzed using 7 over-
lapped triangular fuzzy memberships as in Fig. 5. Simi-
larly, the fuzzification process is employed for output vari-
ables as in Figs. 6 and 7. The boundaries of all the output
(Kp, Kq) are chosen as revealed in Fig. 6. The fuzzy mod-
eling of coefficient which is demonstrated by using 4 fuzzy
sets as shown in Fig. 7.

Each fuzzy input/output variable has degree of mem-
bership (un the range [0,1]). The fuzzy inference system
is implemented for the input and output variables with
the aid of fuzzy rules defined in Table 1.

4.3 Sequential operation of SPIM

For the two conditions studied cases and CPID and
FPID controllers, the sequential operation of a load cycle
that is applied on SPIM, as shown in Fig. 8, are described
as follows:

Period 1: in this mode the motor is operated at no load
(Tr, = 0 Nm) This mode represents the starting mode
that the motor starts from standstill speed until the
rated speed. In this case the period is 0.5 min.

Period 2: Peak loading condition: in this operation mode
the motor is operated at nominal rated torque (T, =
3) Nm for a period of 0.7 min (1.2 min from starting
instant).

Period 3: in this operation mode the motor is oper-
ated at 0.5 rated torque (T = 1) Nm from 1.2 min to
1.8 min from starting instant.
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Period 4: shoulder loading condition in this operation
mode the motor is operated at (77 = 2) Nm from
1.8 min to 2.5 min.

Period 5: accelerated operating mode: this mode repre-
sents the transition from shoulder loading condition to
peak loading condition within a period of 0.5 min.

The split phase induction motor parameters are pre-

sented in Table 2.

Table 2. Tested SPIM parameters extracted from [30]

L (H) 0.0203 R.(Q) 3.61
R, Q 4 Ly, (mH) 30.4
L, (H)  0.021 P 4
R, (Q) 6.5 I (A) 5.8
Ln(H) 0.1954 Vor (V) 220
f 50 Hz J(kgm?) 0.001424
P(hp) 1 a="T./Tn 1.1293
TL (Nm)

3

2

1
0 1 2 Time (min) 3

Fig. 8. Load torque characteristics

4.4 Proposed evaluation indices

To assess the performance of the FPID compared with
CPID, four operational indices are considered for each of
motor speed, input current and the controller rise time:
e Individual steady state error (ISSE): This index mea-

sures the deviation between the actual values of

(speed/current/rise time) compared with their related

the steady state values for specific period of the oper-

ation cycle

e Total steady state error (TSSE): This index mea-
sures the total deviation between the actual values of
(speed/current /rise time) compared with their related
steady state values for the operation cycle.

e Individual oscillation index (IOI): This index measures
the oscillation between the actual values of the rise
time compared with their related the steady values for
specific period of the operation cycle.

o Total oscillation index (TOI): This index measures the
total oscillation of the rise time for the overall cycle.

e Individual oscillation index (IOI): This index measures
the oscillation between the actual values of the rise
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Table 3. Comparison of the proposed indices of FPID against CPID controllers of Case 1

Index Controller Period #1 Period #2 Period #3 Period #4 Period #5  Cycle
I0OI ISSE IO0I ISSE IOI ISSE 1IOI ISSE IOI ISSE TSSE
Speed CPID 0.51 043 5.6 3 0.76 0.4 1.6 1 4.6 3 211.62
(rpm) FPID 0.49 0.4 4 2 0.73 0.35 1.2 0.8 4 2.5 194.1
Current CPID 0.58 036 3.64 065 245 0.22 1.5 0.31 1 0.5 6.3
(A) FPID 0.49 0.31 3.42  0.58 0.8 0.16 1.48 0.3 0.97 048 5.5
Rise time CPID 0.2 0.085 0.07 0.05 0.08 0.2
(min) FPID 0.08 0.065 0.05 0.04 0.06 0.08
Table 4. Comparison of the proposed indices of FPID against CPID controllers of Case 2
Index Controller Period #1 Period #2 Period #3 Period #4 Period #5  Cycle
I0OI ISSE IO0I ISSE IOI ISSE IOI ISSE IOI ISSE TSSE
Speed CPID 1.23  0.87 1.5 0.6 2 0.6 1.15 0.6 2.42  0.63  233.77
(rpm) FPID 1.15 0.81 1.45 0.5 1 0.4 1.02 0.3 2.16 0.5 227.28
Current CPID 141 0.49 1.83 0.7 1.12 037 1.06 056 0.94 0.65 5.59
(A) FPID 1.37 057 1.75 0.67 095 0.31 1.01 0.53 0.87 0.58 3.45
Rise time CPID 0.1 0.075 0.1 0.1 0.1 0.1
(min) FPID 0.07 0.065 0.06 0.061 0.065 0.07

time compared with their related the steady values for
specific period of the operation cycle.

e Total oscillation index (TOI): This index measures the
total oscillation of the rise time for the overall cycle.
The previous indices reflect the capability of the FPID

against CPID controllers in terms of enhancing the speed

and current signals and the fast response of these con-
trollers for certain period of operation or for the overall
operation cycle.

4.5 Simulation results

1) Results of case 1: High speed

Figure 9 shows the CPID and FPID controllers speed
variation. The estimation strategy is able to identify the
accurate operation characteristics of the motor. In terms
of two important indices called the rise time and steady
state error, the proposed FPID controller has better per-
formance. Figure 8 shows the five operation periods vari-
ation of load torque. It was cleared the FPID reaches the
final speed rapidly compared with CPID. Figure 10 rep-
resents the main (I,,) and auxiliary (I4) currents wave-
form wstime characteristics for the considered operation
periods. In Figure 11, it was noticed a rapidly increase of
the stator current in first period up to the highest cur-
rent occurred at the starting instant. Then, the current
was reduced to its rated value in 2-nd operating period.
Figure 12 shows the quadrature to direct axis flux in five
periods.

Figure 13 shows that K, is following the speed change
as follows, is varied from 1.94 to 1.97 to reduce the time
taken to ratch final speed values, K; is varied from 19 to
19.5 to reduce the time taken to ratch final speed values,
and K, is varied from 0.19 to 0.21 to reduce the time
taken to ratch final speed values.

According to Table 3, the proposed FPID controller
has more profited indices when it was assessed compared
with CPID controller for Case 1.

e The individual indices of the FPID controller in peri-
ods 1-5, have low levels compared with those obtained
with CPID controller.

e The TSSE is reduced from 211.62 rpm to 194.1 rpm
for the speed signals.

e A reduction in the total current in the total cycle from
6.3A to 5.5A by 13%.

e The resulted rise time of FPID controller is reduced to
40 % compared with CPID controller.

2) Results of case 2: Low speed
Figure 14 shows the speed variation for CPID and
FPID controllers. The estimation procedure effectiveness
to identify the motor operation is cleared. Accordingly,
in terms of the rise time and steady state error, the pro-
posed FPID controller has better performance compared
with the CPID controller. Figure 15 shows the current
characteristics of both controllers.

Figure 16 shows that K, is following with speed vari-
ation as follows, it is varied from 1.975 to 2 in order to
reduce the time taken to ratch final speed values, K; is
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Speed (rpm) Speed (rpm)
cl 00
(a) (b)
1500 1500
1000 ( 1000 (
1400 1400
500 500
1300 1300
0 1 2 3 0 1 2 3]
0 1 2 Time (min) 3 0 1 2 Time (min) 3
Fig. 9. Speed vs time characteristics for FPID and CPID controllers
Im, IA (A) Im, TA (A)
0 0

(2)

(b)

2 Time (min) 3 0 1 2 Time (min)

Fig. 10. 10 Main (I,,) and auxiliary (I,) current wave form vs time characteristics

Im, TA (A) Im, TA (A)
8 8
(@ (b)
6 6
4 4
2 2
0 1 2 Time (min) 3 0 1 2 Time (min) 3
Fig. 11. Main (Ip,) and auxiliary (I4) currents vstime characteristics
phq phq
0.5
0
-0.5
L Il L Il
0.6 0.2 02  phd 0.6 0.8

Fig. 12. Quadrature flux vs direct flux

varied from 19.7 to 20.05 to reduce the time taken to
ratch final speed values, and K4 is varied from 0.2 to
0.205 to reduce the time taken to ratch final speed val-

ues. This shows that the value of FPID parameters is
changed to enhance the performance of operation. Ta-
ble 4 presents an assessment study between the proposed
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1.97

1.96

1.95

0 1 2 Time (min) 3

Kd

0 1 2 Time (min) 3

0.2

0.19

(©

2 Time (min) 3

Fig. 13. Tunned FPID Parameters (Kp, K;, K4) for Case 1

Speed (rpm)
00

( @)
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600 (
700
400
200 600
0 1 2 3
0 1 2 Time (min) 3

Speed (rpm)
00 ®

( 800
600 (
700
400
200 600
0 1 2 3
0 1 2 Time (min) 3

Fig. 14. Characteristics of speed ws time for FPID and CPID controllers for case 2

FPID and CPID controllers for the second case. It can be

summarized the following benefits of FPID controller as:

e The individual speed overshot and the corresponding
steady state error are reduced by using the FPID con-
troller for period 1-5.

e The TSSE is reduced from 233.77 rpm to 227.25 rpm
for the speed signals.

e The resulted rise time of FPID controller is reduced to
70 % compared with CPID controller.

e The current of FPID is improved compared with that
of the CPID controller for the studied cases 5.59 A to
3.45 A by a reduction by 38 % then enhancing motor
performance by reducing the power losses to 38 % of
that of the CPID.

Table 5 shows a comparison of the proposed indices of

FPID with those reported experimental results in [30]. It

was cleared that the proposed FPID controller leads to
enhanced performance for the three loading conditions. It
has the lowest slip levels compared with CPID controller
and the uncontrolled case extracted from [30].

Table 5. Comparison of the proposed indices of FPID against
experimental value

Uncontrolled CPID FPID
results  [30]
TL speed slip speed slip speed slip
(Nm)  (rpm) (xpm) (xpm)
3 1420  0.053 1467  0.022 1473 0.018
2 1430  0.047 1473  0.018 1475.5 0.016
1 1440 0.04 1475 0.016 1477 0.015
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¢ Im, IA (A) Im, IA (A)
@ 8 ®)

6 6
4 4
2 2

0 1 2 Time (min) 3 0 1 2 Time (min) 3

Fig. 15. Characteristics of current vs time for FPID and CPID controllers

Kp Ki
2.00 20.1
(b)
20.0
1.99
19.9
1.98
19.8
0 1 2 Time (min) 3 2 Time (min) 3
Kd
0.206
(©)
0.204
0.202
0.200
0 1 2 Time (min) 3
Fig. 16. Tunned PID Parameters by fuzzy control in Case 2
5 Conclusions e The proposed fuzzy controller is assessed by four op-

erational indices, Individual steady state error, total

This paper has been discussed the implementation and steady state error, individual oscillation index, and

analysis study of the split-phase IM. The PID coefficients s .
are tuned using fuzzy-based tuning scheme to withstand Ol.ls indices prove the capability of the FPID compared
the SPIM speed at the predefined reference values. The with CPID.

PID controllers have been combined with a vector closed- ® The proposed controller is tested for starting, peak,

total oscillation index. The lowest levels of the previ-

loop controller for split-phase IM. The main features of shoulder, accelerated speed at reduced torques loading

the current paper can be summarized as follow: conditions for the cycle of operation.

e Providing the mathematical models of SPIM with an- e Also, the FPID controller has the best performance for
alytical study of the dg-equivalent circuit of SPIM. different loading conditions.

e Providing a fuzzy based closed loop control system for The directions for further research involve the appli-

controlling the speed at high and low speed levels. cation of fuzzy controller for polyphase machines and de-
The proposed FPID controller compared with CPID  veloping genetic, particle swarm, sine cosine optimization
are enhancing the overall performance at acceptable for tuning the membership degrees. Merging the neural
levels of speed overshot, low current and low-rise time network to the fuzzy logic to achieve fine tuning based on
for low and high-speed operating conditions. advanced learning schemes.
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