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Abstract:-

Multi-motor multi-phase converter system
can be composed by converter supplying
several machines, which occupy an persona
in industry applications such as electric
power train, textile paper industries and
autonomous mobile, where the general
philosophy is a (2n+1) leg inverter can feed
'n" number of three phase motors. In this
paper, the parallel fuzzy logic controllers
(FLCs) are developed to control the speed of
the two permanent magnet synchronous
motors (PMSMs), which are driven by a five
leg inverter (FLI). The FLI drive for two
motors in the electrical vehicle/hybrid
electric vehicles (EV/HEV) employs reduced
component count (one leg less) due to the
sharing of common leg amid the motors. The
coincident control of two independent rated
PMSMs (a traction motor to deliver the
driving force for the vehicle and a
compressor motor for the air-conditioning)
through a single drive is cumbersome. The
triumph of the designed two parallel FLCs is
tested in MATLAB/Simulink environment and
compared with the Ziegler-Nichols method
tuned parallel proportional integral
controllers (PICs). The time response
analysis such as startup speed, peak over
shoot, rise time, delay time and settling time
have been evaluated. Simulation results
verify the feasibility and validity of the
proposed parallel FLC for the FLI drive,
which shows decoupled operation of

two PMSMs and good static/dynamic
performances.

Keywords- Parallel Fuzzy Logic Controller,
Five Leg Inverter, Permanent Magnet
Synchronous Motor, Current Reference
Expanded Two Arm Modulation
(CRETAM).

1 Introduction

The electrical vehicle/hybrid electric
vehicles (EV/HEV) requires dual electrical
drives viz. a traction motor to deliver the
driving force for the wvehicle and a
compressor motor for the air-conditioning
[1]. Normally it entails two motor drives each
associated with a three phase voltage source
inverter (VSI) to independently control the
motors. Each three phase VSI has six
switches and hence totally twelve switches
are required to drive two motor, which
occupies considerable space. So to reduce the
installation space and cost of inverter the Five
Leg Inverter (FLI) has been proposed to drive
two different rated motor. However this drive
system does not affect the performance
characteristics of six leg inverter (Two three
phase inverters) [2]-[4]. Availability of
permanent magnet materials like neodymium
(Nd), samarium(sm), cobalt (Co) etc. has
created attention on permanent magnet
motors, which are best suited for the
automotive industries. Because of their better
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dynamic characteristics, higher efficiency,
lower acoustic noises and vibration, they
replaces conventional induction motors [5]-

[6].

As mentioned earlier, the EV/HEV
requires more than one motor i.e traction
drive to deliver torque to accelerate the
vehicle and compressor drive to deliver
torque to actuate the air conditioning system
[7]. The PMSM fed by FLI has been
employed for automation in factory
equipment’s as well. The independent vector
control has been performed to control the two
three phase PMSM. Higher efficiency, better
dynamic performance and weight saving are
the major importance in choosing PMSM.
Instead of two drive circuits for operating
dual PMSM, single drive circuit has been
incorporated for driving two PMSM [8]. The
digital signal processor (DSP) based
integrated control of dual inverter has been
proposed. The neutral point of the main
traction motor has been extended for the
auxiliary motor. Hence the reduction in
inverter leg has been achieved [9]. The
integrated inverter drives traction motor and
compressor motor, which has been decreases
the drive cost of the compressor motor. The
neural point is shared by both traction and
compressor motor[10]. The FLI has been
presented to drive five phase induction motor
drive extensively used for high power
applications.The field programmable gate
array (FPGA) realization of space vector
pulse width modulation (SVPWM) technique
has been developed to drive the FLI[11]. The
new PWM technique has been proposed,
which generates modulation signals for FLI
from the modification of appropriate three
phase modulation signals [12]. The sensor
less technique has been proposed to drive
dual PMSMs independently. This aims to
eradicate the practice of using speed sensor
and minimizes the switch count. The
performance of dual PMSM drive has been

simulated and the results confirm good speed
regulation [13].

The vector control of a three-phase
PMSM along with a indirect flux oriented
controller approach has been presented [14].
The attainable speed performance is obtained
by utilizing the model reference adaptive
fuzzy logic controller (FLC) which results
precise control and better performance. The
four switch three phase inverter control of
interior type PMSM with fuzzy logic seed
controller has been proposed [15]. The
experimental result evident that the FLC are
acceptable for high performance speed drive
applications. The seed control of FLI for five
phase induction motor using FLC has been
presented [16]. The speed control algorithm
has been successfully implemented in real
time and results better  dynamic
operation.The single phase inverter fed dual
PMSM drive has been proposed. The FLC
proposed here uses only 9 rules instead of 49
rules [17]. The independent sensor less
control of dual PMSM based FLI has been
presented. The proposed approach eliminates
the speed sensor and reduces the switch
count. The model reference adaptive control
speed estimation has been presented [18].
The single voltage source inverter with
multiphase, parallel connected dual drive has
been proposed to improve the dynamic
performance of the machines. The
experimental result verifies has been
presented [19]. However proposed work
suffers number of shortcoming, such as
harmonics, torque ripple which prevent its
industrial applications. The common mode
voltage in five phase inverter has been
reduced by implementing a simple carrier
based PWM (CBPWM). With the help of
proposed coupled inductor inverter (CII) by
enhancing adjacent modulating waveform
and non-adjacent modulating wave from, the
common mode voltage has been reduced
[20].



The main objective of the proposed
work is implementation of parallel fuzzy
logic speed controller for FLI control of two
PMSM drive. The time domain specifications
such as delay time, rise time, peak time,
settling time and peak over shoot for startup
torque response and step input response are
tabulated for both PMSM 1 and PMSM 2
drive and the results are compared with
standard proportional integral controller
(PIC) using the MATLAB/Simulink tool.

2 Parallel FLC based FLI control of Two
PMSMs

2.1 Proposed Drive System

The block diagram representation of the
proposed system, the FLI fed two PMSMs
controlled by parallel FLC, is shown in Fig.1.
The system consists of a FLI, two PMSMs,
position sensors and the parallel FLC. The
major importance in designing the FLC for
integrated FLI fed two PMSM drive is worth
due to the challenging requirement of
independent control of PMSMs. That is they
are of different ratings, and can be operated
different load torque commands and also
different speed commands.
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Fig. 1 Integrated FLI fed two PMSM with parallel FLC

The configuration of parallel FLC
integrated with independent vector control
scheme to control two PMSM under current
reference expanded two arm modulation
(CRETAM) technique [21] is shown in Fig.2.
In FLI the fifth leg is shared as a common leg
by the main traction motor and auxiliary
motor by assuming igs=0, which retains
linearity between motor torque and current.
The parallel fuzzy logic speed controller are
utilized which compares reference speed with
actual speed generates current component,

igs equivalent to torque. The CRETAM is a
modulation technique, which requires current
error to generate the pulses for FLI. The
CRETAM technique is extended from
expanded two arm modulation technique
(ETAM) [21]. Usually it requires current
error, which is obtained from the difference
of actual sensed current and reference
current. The current error signal is compared
with reference signal waveform and to
generate the pulses which are essential to turn
on and turn off the switch in the leg.
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Fig. 2 FLC implemented in FLI for independent vector control scheme

2.2 Development FLC

From the literature, there are many
controllers such as sliding mode controller,
neural network controller, model reference
adaptive  controller, variable structure
controller etc. have been employed in
variable speed drives. Among them two
controllers called PIC and FLC are the strong
challengers.  However, adopting any
controller to control loop purely depend on
mathematical model of motor. The
mathematical expression is derived based on
the assumption that the environmental and
temperature changes are zero. But it is
difficult to achieve experimentally. The PICs
are enhanced in the control loops due to its
simple design and easy accessibility.
However, PIC has certain drawbacks such as
noise, lower bandwidth, requires tedious
(Ziegler-Nickols) tuning method for proper
tuning. The PICs are sensitive to parameter
variation, so it cannot be extended to
nonlinear systems. Hence FLC has been

proposed which are insensitivity to parameter
variation. Fig. 3 represents the basic block
diagram of FLC which has various blocks
required to control the desired performance
of load. The FLC provides the superior
control capability among various controllers.
The FLC and artificial neural network
intelligence control have becoming popular
approach to non-linear systems. FLC is
simplest approach, it requires three
step/block procedure to regulate the speed
error. The first block is input block which
converts the input function into appropriate
fuzzy set by a membership function. The
second block is logic estimator, also called
rule evaluator, which involves in processing
the appropriate rules. The selected rule has
been proceeded till the fuzzy operator attains
the best suitable result. The final block is also
called output block/defuzzification block
which takes the crispness recuperate from
fuzziness and finally, the combined result has
been transformed into control function.
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Fig. 3 Principle of fuzzy logic controller

As stated earlier, the proposed drives system
involves two paralleling working FLC. Even
though the membership function, rule base
and defuzzification conditions are different
amid the FLC, their development procedure
is same. This section describes the
representative case of FLC designed for main
motor (PMSM-1) is detailed. Table 1 pictures
the rule base of the designed FLC. Five
linguistic variables are assigned viz. NB-
negative big, NS-negative small, Z-zero, PS-
positive small and PB-positive big. The fuzzy
inputs (speed error and change in speed error)
dwell in the range, which is the subsets of
assumed membership function and have the
fuzzified values between 0 and 1. The fuzzy
rule patterned in Table 1 must be interpreted

properly. For example, IF ‘speed error is NB’
AND ‘change in speed error is PS” THEN
‘change in output q axis current command is
7’. Selection of membership function plays
important role, because it identifies how to
map each point in the input spaces to a degree
of membership between 0 and 1. In the
proposed parallel FLCs, the Mamdani
membership function is used as shown in
Fig.6. The membership functions for change
in speed, change in speed error and the output
current commands are shown respectively in
Fig.7, Fig.8 and Fig.9. Fig.10 and Fig.11
represent the rule selection and rule plot for
FLC. Fig. 12 represents the surface view of
the designed FLC.

Table 1 Fuzzy Rule

Speed error, E

NB | NS | Z PS | PB

NB |NB [NB [NB [NS | Z

Change NS | NB |[NB | NS [Z |PS
inspeed | Z NB | NS | Z PS | PB

error,CE | ps NS |z |PS |PS |PB

PB | Z

PS |PB |PB | PB
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3
Results and Discussions

This section presents the thorough
investigation of the developed drive system
in  MATLAB-Simulink environment. The
system is schematized in MATLAB 2011a
and simulated using ode dormand prince

solver. The specifications of the PMSMs are
listed in the table 2 and the speed-torque
requirements in the EV are as follows. The
main motor (PMSM-1) needs to work in
3000rpm and (0.4-080rpm, while the
requirements on auxiliary motor (PMSM-2)
are 750rpm and (0.2-0.4) rpm.

Table 2. Specifications of motors

Parameters PMSM-1 | PMSM-2
Rated output power (kW) 0.25 0.25
Rated speed (rpm) 3000 750
Back EMF constant 62.2859
(VL-L peak/krpm) 62.2859

No of Poles 4 4

Rated Torque (Nm) 0.8 1.7
Stator Resistance () 18.7 4.765
Stator d and g axis 0.014
inductance (H) 0.02682

Inertia (Kg.m?) 2.26e-5 1.05e-4
Friction Factor (N.m.s) 1.349e-5 | 4.04e-5

The Fig.13 depicts the comparison of start up speed response of PMSM-1 and PMSM-2 with
parallel FLCs and PICs. The Fig.14 depicts the comparison of startup torque response of PMSM-

1 and PMSM-2 with FLCs and PICs.
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The time domain specifications (TDS) of
the motors (PMSM-1 and PMSM-2) during
startup transient of speed response are

Time in s8¢

Fig. 14 Torque responses of PMSM1 and PMSM2

presented in the Table 3. The delay time, rise
time, peak time, settling time and peak
overshoot values listed for both PICs and



FLCs. In adopting parallel FLCs, there is a
considerable decrease in peak time and
settling time compared to PIC as shown

in Table 3. The PMSM-1 experiences
28.8% reduction in peak overshoot and
PMSM-2 faces 76% reduction.

Table 3. Speed response TDS comparison for PICs and FLCs in startup transient

Time Domain PICs FLCs
Specification PMSM-1 PMSM-2 PMSM-1 PMSM-2

3000rpm/0.4nm | 750/0.2Nm | 3000rpm/0.4nm | 750/0.2Nm
Delay Time 0.0014*10°® 0.0015*107 | 0.00125*10° 0.0011*10°®
Rise Time 0.0025*10°3 0.0025*107 | 0.0024*107 0.0021*10°®
Peak Time 0.003*10°® 0.0032*102 | 0.0029*107 0.0026*10°3
Settling Time | 0.25*10° 0.01*1073 0.1*10°3 0.095*10°3
Peak 435rpm 80.5rpm 310rpm 19.26rpm
overshoot

The next interesting study is made with the
step change in the load torque. The
inhomogeneous torque reference changes
assert the triumph of the parallel FLCs. The

step change for PMSM-1is 0.4Nm to 0.2 Nm
and for PMSM-2 is 0.4 Nm to 0.8 Nm at 0.25
seconds. The Fig.15 and Fig.16 depict
respectively the speed and torque transients
for such a step changes.
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15 Speed responses of PMSM-1 and PMSM-2 for the inhomogeneous torque step changes
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Fig 16 Torque responses of PMSM-1 and PMSM-2 for the inhomogeneous torque step changes

The Fig.17 represents enlarged view speed 0.8nm to 0.4nm desired torque response for
responses for the inhomogeneous torque step PMSM1 and step change in load torque from

changes at 0.25seconds to facilitate the 0.4nm to 0.2nm desired speed response for
insight view of TDS values. The Fig. 18 PMSM2. The TDS values are tabulated in

represents step change in load torque from Table 4.
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Table 4. Speed response TDS comparison for PICs and FLCs for step change in load torque - Combination 1

PIC FLC

Time_ [_)on_1ain PMSM-1 PMSM-2 PMSM-1 PMSM-2
Specification 3000rpm/0.8- 750/0.4- 3000rpm/0.8-0.4nm 750/0.4-

0.4nm 0.2Nm T 0.2Nm
Delay Time 0.009*1073 0.0014*1073 0.00125*10°® 0.0011*10°®
Rise Time 0.0014*1073 0.0016*1073 0.0024*1073 0.0014*10°®
Peak Time 0.0019*107 0.0021*107 0.0029*107 0.002*107
Settling Time 0.023*10° 0.031*10° 0.01*10°® 0.0011*10°3
Peak overshoot | 70rpm 130rpm 19rpm 25.6rpm

Transient study for another inhomogeneous
step change combination is performed by

changing the torque reference of PMSM-1

from 0.8Nm to 0.4Nm and of PMSM-2 from
0.4Nm to 0.2Nm and pictured in Fig.18.
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The Fig.19 represents speed response for Table 5. It is evident from the table that the
step change in load torque from 0.4nm to PMSM -1 and PMSM-2 have reduced peak
0.8nm for PMSM-1 and similar response of overshoots respectively 25.3% and 26.92%
the PMSM-2 is diagrammed in Fig.20. The with FLCs than PICs. Also the settlm_g time
corresponding TDS values are enlisted in reduced about 18% and 35% respectively.
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Fig.19 Enlarged view of speed responses for step torque change from 0.4Nm to 0.8Nm-PMSM-1
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Table 5. Speed response TDS comparison for step change in load torqgue- Combination 2

PIC FLC
Time_ IZ_)orr_1ain PMSM-1 PMSM-2 PMSM-1 PMSM-2
Specification 3000rpm/0.4- 750/0.2- 3000rpm/0.4-0.8nm 750/0.2-
0.8nm 0.4Nm o 0.4Nm

Delay Time 0.0011*1073 0.0019*10°3 0.0015*10°3 0.0016*10°®
Rise Time 0.0015*1073 0.0020*10°® 0.0024*10°® 0.0018*10°®
Peak Time 0.0020*1073 0.0025*10°3 0.0029*10°® 0.0021*10°®
Settling Time 0.022*10°3 0.017*10°3 0.018*10°3 0.011*10°3
Peak overshoot | 79rpm 26rpm 59rpm 19rpm

4 Conclusion

This paper presented a parallel fuzzy
logic controller (FLC) for the integrated
traction and compressor drive to reduce the
HVAC compressor drive cost in electric and
hybrid  electric  vehicle  (EV/HEV)
applications. The drive system employs
a five-leg inverter to drive a three-phase
traction motor and a two-phase compressor
motor. The common terminal of the two-
phase motor is tied to the neutral point of the
three-phase traction motor to eliminate the
requirement of a third phase leg. The cost of
the compressor drive can be significantly

lowered due to the elimination of one
phase leg and additional part count reduction
made possible by sharing the switching
devices, DC bus filter capacitors, gate drive
power supplies, and control circuit.
Simulation and experimental results are
included to verify that speed control of the
two motors is independent from each other.
The parallel FLC is implemented to
independently control the speed of the two
PMSM. The results of fuzzy logic controller
based two PMSM is compared with the PIC.
From the comparison the FLC results
validates better performance than PIC. The



time domain specifications such as rise time,
delay time, peak time, settling time, peak
overshoot are calculated for stepped speed
and torque responses for both PMSM are
tabulated.
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