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Abstract: The multiphase motors due to their reliability find new areas of application in the industry and
transportation. Developing of any system with multiphase motors at first requires elaborate model of the
system, define control mode and controllers. The model of control system for the six-phase drive is based on
its conventional d-q mathematical model and indirect field-oriented control. Simulink model of six-phase drive
with indirect field-oriented control and simulated with two types PID and PID fuzzy controllers. The
simulation results, reflecting step response and provided speed reference law as well as load application at
constant speed, are presented and analyzed. Fuzzy controller with 49 rules is considered and applied. Six-
phase electric drive with field-oriented control at well-tuned PID controller has good step response
specifications: settling time 0.13 s at starting without load, step response has no overshoot, small about 1 %
short time decrease of speed at load of 5 Nm application. The system employing PID fuzzy controller shows
slightly better results in response to torque application: the decrease in speed 1 % is eliminated in shorter time.
Simulation results indicate the robustness of both systems with six-phase drive to disturbance and provide
high quality transient specifications at provided reference speed.

Keywords: six-phase motor; field-oriented control; fuzzy controllers; model; simulation; transients

1. Introduction

Continuously growing perfection and upgrading of electronic devices provided the conditions
to develop multiphase motors. Multi-phase motors have been applied in different electric drives with
controlled speed [1], railway vehicles traction systems [2] and electrical transportation cars [3]. They
are employed in submarine, used as warships due to reduced noise [4] , specialized multiphase
motors driving centrifugal pump [5], also in electronic differentials of electric vehicles [6] , for
automotive and electrical vehicles [7,8], and more electrical aircraft [9].

The multiphase motors are called phase redundant AC drives. The greater number of phase
windings distribute the controlled power on more converter legs and reduce the current of power
electronic switches. The smaller current flow in the windings of phase AC electric drives. Design of
multiphase motors reduce the current flowing in the phase and reduce coper loses. It is possible to
achieve smaller size and weight of electric drives and their control electronics.

The multiphase motors and drives with redundant phase number characterized by high
reliability: they are able successfully but with greater losses operate under fault conditions up to
single winding remains, but they are not able to start without three windings supplied [10-13] .

The motor dynamic performance is describing by state-space equations. Solution of those gives
information about dynamic and steady-state characteristics of six-phase motor drive. It can be used
to analyse behaviour of the drive and design control methods improving performance.

Otherwise, the Simulink model, made from typical Simulink blocks can be used and simulation
results can be analysed. Both methods are applied to consider dynamics of the multiphase drives.
The first method is used [14-16].

Multiphase motor state-space equations contain variable coefficients and include non-linearity
of the controlled system, therefore becomes complicated to apply numerical methods. Designed
Simulink models are more appropriate and more reasonable due to including not only motor drive,
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but also its control equipment [17-20]. Simulation models, or part of those elaborated in Simulink®
can be used to control real time systems.

Developing of controlled six-phase electric drive gives advantages where it is desired to create
complex model both control system and the motor.

Fuzzy controllers depend to class of the intelligent controllers and usually supplied by PI,
PID[19-24] controllers to provide good transient specification for six-phase drive. Advantages and
proper design of fuzzy logic controllers indicate getting adaptive and robust control for a drive
system with parameter variation and load disturbance. Nevertheless, PID and PID fuzzy controllers
need additional research in application those for indirect field-oriented control of six-phase motor
drive.

Simulink® toolbox “SimPowerSystems” has typical frequency converter blocks for three phase
motor control, but for multi-phase motor control the other devices should be developed. Aim of the
work is to elaborate model of six-phase controlled drive with PID and PID fuzzy controllers and
examine transients of the system.

Designed and well-tuned PID and PID fuzzy controllers both provide robust systems.

2. Materials and Methods

2.1. The basics of Simulink model

Dynamics of multiphase electric drive is described by nonlinear differential equations with time
varying coefficients. Mathematical description of three phase motor in a stationary three phase
reference frame due to varying mutual inductances because rotation is seldom used for modelling
and analysis. An equivalent circuit of symmetrical six-phase machine with two winding sets together
with mathematical model of machine is given in [24]. Stator of equivalent circuit has two direct
current supply voltages vgs; and vgs, as well as vg4gand vg, in reference frame with d and q
axis. Rotor supply voltages v'y,and v'y, are accepted equal to zero for cage type rotor. The d-q
mathematical model in various forms is used for analysis of induction motor dynamics. Rotor
reference frame was employed in [5], [21,22]. The stationary reference frame, assuming rotor
variables transformed to fictitious stator windings also is widely used in analysis of electrical
machines. Stationary reference frame is applied in [16,18],[23]. The rotating with synchronous speed
reference frame is applied in[15], [24-26] to model six-phase controlled induction drive. The Simulink
models elaborated in any reference frame allow analyse control methods and transients in the
systems of multiphase drives [15,17,24].

The Simulink libraries do not include six-phase voltage converters. Elaborated six-phase voltage
system in model, shown in Figure 1, is made of two typical three phase generators. Two generators
allow getting six-phase voltage system from two three phase voltage sets: A—B—C and D —E —F.
The voltage set D — E — F is shifted by 60 electrical degrees with respect to voltage set A—B — C.
Two sets of three phase voltages are transformed to two phase stationary reference frames using
Clarke’s transform for six-phase voltage applied for each three-phase voltage set separately.

The mathematical model of the motor in synchronously rotating reference frame is expressed as
voltage drops v,s; and vgs as well as vy, and vy, across two sets of stator windings and
single common rotor winding voltages v,, and v, referred to a stator as this:

VUgs1 = Rsiqsl + Slpqsl + wgs1;

Vgs1 = Rglger + SPas1 — wl/}qsl;

Vgs2 = Rsiqsz + Slpqsz + wggr;

Vasz = Rslgsz + SPgs2 — wquzi 1)
v(é‘r = R‘;i;]‘r + Slrbz,qr + (‘UO - wr)lpt,ir;

Var = Rplgr + sPqr — (0o — wr)lpqrr

where flux linkages aligned with the direct and quadrature are calculated from equivalent circuit
[27] which assumes presence of two similar three phase windings sets in the stator with their leakage
inductance L;; and mutual leakage inductance between two stator winding sets L;,. Stator of
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equivalent circuit has two direct current supply voltages v4s; and vy, in reference frame with d
and g axis. Rotor is supplied by voltages v45; and v4s, which are assumed equal to zero for cage
type rotor. The other notations as R; denotes stator resistor, R, is rotor resistance referred to
stator, L,, is magnetizing inductance and L,, is mutual leakage inductance between two stator
windings, L;; is stator leakage inductance, L;, is rotor leakage inductance, iz, and i, are
stator g axis current components, iy andigg, are stator d axis current components, lgr and ig4,
are rotor current componentsin ¢ and d axis accordingly are calculated:

lpqsl = (Lis + Lyp + Lm)iqsl + (Lym + Lm)iqsz + Lmic'{r;
VYas1 = (Lis + Lim + Lp)igss + (Lim + Lin)igsz + Lmi;ir;
l»bqsz = (Lls + le + Lm)iqsz + (le + Lm)iqsl + Lmitzr; (2)
VYasz2 = (Lis + Lim + Lindiasz + (Lim + Lindiass + Linlars
lljc;r = (L'lr + Lm)iz,]r + Lm(iqsl + iqsz);
Yar = (Lir + Ln)iar + L Gas1 + fas2)
Where 451 , 945, are stator g axis flux linkage, g1, %452, are stator d  axis flux

linkage, ¥, and g, arerotor ¢ and d axis flux linkages accordingly.
The electromagnetic torque, delivered by motor is calculated as:

Te= z(g) <271:) [War(igst + igs2) —War(las1 + las2)], (3)

where P is number of poles.
The movement of electric drive is described by equation:

dwy

= (T, =Ty, @)

where w, is motor rotational velocity, J, is rotor inertia, T, is electromagnetic torque and
T, isload torque.

Lisc
* Gating v,
pulses Vs
Field oriented control 1 = Th h Ve Three phase reference frame A, B, Two phase stacionary reference
ree phase - X
| P C conversion to two phase frame conversion to two phase L
A, B, C inverter » . .
stacionary reference frame rotational frame
T* A
Gating Vi
puises Vi
- 3 Three phase reference frame D, E, F Two phase stacionary reference
> Three phase Vi . N i
. . K conversion to two phase stacionary [~  frame conversion to two phase
Field oriented control 2 D, E, F inverter !
reference frame rotational frame
B
A |
Tper T* Visi Vis2
Vosi Vas2 . . Lipc
Two phase rotational reference Two phase stacionary reference
PID or PID fuzzy |« Y A J frame conversion to two phase | —jm! frame conversion to three phase A,
controller - stacionary reference frame B, C reference frame
>
7y Six-phase motor
w* ® model in
synchronously
rotating reference
Reference speed frame ;
» . DEF
"1 Two phase rotational reference Two phase stacionary reference
frame conversion to two phase  f— frame conversion to three phase D,
stacionary reference frame E, F reference frame
Load
Iper

Figure 1. Block diagram of six—phase drive with PID and PID fuzzy controllers.
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Analysis of multiphase motor dynamics applies all general assumption for electrical machines.
Three phase machine transformation from the stationary three phase reference frame A — B — S to
two-phase stationary reference frame d® — q° and synchronously rotating reference frame d — q is
described in [29], where the stator voltagev,axis is aligned with v, axis. The transformations are
made in this way. If stationary d® — q° axes of three phase machine are oriented at angle 8, the
voltages vz, and vj; can be represented in matrix form as:

Vasi| = 5|sin@  sin(6 —120°) sin(6 +120°)

VS 0.5 0.5 0.5

Q)

Ups

Vst ,[cos @ cos(8—1207) cos(6 + 120")] [vasl
vCS

where vg; is zero component. In balanced machine vgs; = 0.
Usually, 8 is assumed equal to zero.
Inverse transform of (5) can be made in this way:

Vg = Vgsﬁ
vp = —lvs — Evs ;
B — 2 gs1 o Jds1 (6)

3
Ve = qul + vdsl

The synchronously rotating d — q axes rotate with synchronous speed w, with respect to
d® —q° axesand form the angle 6, = w,t. The voltages on d° — q° axes are transformed into d —
q axes by this way:

Vgs1 = Vgs1 €OS O, — Vs Sin0O,;
Vasz = Vgsz Sin O, + Vgg, €OS O, )

According to reference frame transform theory, set of three phase voltages vy, vg, and vg
shifted by 120° apart, starting with phase voltage vjlagging the voltage v, by 60° could be
transformed to stationary reference frame in this way:

cos(B 60°) cos(6 —180°) cos(8 —300°)
vdsz sm(ﬁ 60°) sin(8 —180°) sm(@ - 300 )] [ ]

Vis2 0.5 ®
Equation (8) can be written as:
1
Ugsz [ 2
via|=| V3 [ 9)
Vis 2
05 05 0, 5
Then the inverse transform becomes:
1, V3,
Up = qusz - TVdst
Vg = —Vgs2; (10)
1, ., V3,

Vp = qusz + 7770152-

According to Eq.9, sinusoidal variables in D — E — F reference frame appear as sinusoidal
quantities in rectangular reference frame vgs, and vgs,.

Voltages vy, and vgs,can be transformed to synchro-nously rotating reference frame like this:

— N S 1 .
Vgs2 = Vgsp €COS By — Vg, SIN G, ;

. 11
Vasz = Vgs2 Sin 0 + Vgs, €OS 0, . (1)

Thus, we considered two transforms for two three phase voltage sets v, — vp — v, andvp —
vg — vg. The voltages are shifted by 120 electrical degrees in each set. These sets are transformed to
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stationary rectangular reference frame with equations (5) and (8). The variables from rectangular
stationary reference frame are transformed to synchronously rotating reference frame using
equations (7) and (11). Simulink model of six phase motor elaborated on the (1), (2), (3) and (4) and is
given [28].

The block diagram in Figure 1 shows elaborated Simulink model of six-phase drive with indirect
field-oriented control and PID and PID fuzzy controllers.

Reference speed is compared with motor speed (Figure 1) in PID or PID fuzzy controller. The
controller elaborates reference torque signal for two field-oriented blocks. Block “Field oriented
control 1”7 produces gating pulses for three phase converter tuned to generate three phase voltage set
Va, Vs and Ve. The next block transforms three phase voltages to two phase voltages in stationary
reference frame and the last conversion transforms two phase stationary to rotational reference frame,
and forms two voltages vast and vgst. Block “Field oriented control 2” elaborates gating pulses to three
phase inverter, tuned to produce voltage set Vb, Ve and Vr. Voltage Vb lags voltage Va by 60 electrical
degrees. This voltage set is transformed to two phase stationary reference frame and afterwords to
two phase rotating reference frame and gives two voltage vas2 and vgs2 entering as input signals to
six-phase motor model. Motor currents idsi, igst and idas2, igs2 in two phase rotational reference frame
are output of motor model. Each pair of currents are converted to two phase stationary reference
frame idas1, igst with Eq. 6, where voltages should be replaced by currents and for ias, igs2 Eq. 9;
afterwords they are transformed to two sets of three phase currents I, Is, Ic and Ip, Ig,Ir, used as
feedback for two field oriented control blocks, elaborating gating pulses according to produced
torque reference signal and calculated motor currents.

Gating pulses change voltages and finally motor speed in the control system follows the speed
reference.

Fuzzy controller is one of intelligent controllers, suitable for systems even having no
mathematical model. Fuzzy control is nonlinear control. The six-phase motor d — q model in the
rotating reference frame based on the equivalent motor circuit with two stator windings and a single
rotor winding is a non-linear complex model, which can have variable parameters and load
disturbance. The fuzzy controller can control similar systems. Operation of fuzzy logic controller is
based on sets. Fuzzy logic controller consists of fuzzification block, the knowledge base, and the
inference engine. Fuzzification block of fuzzy controller transforms crisp inputs into fuzzy sets [19].
Seven linguistic variables related to the membership functions, are used to describe the fuzzy sets:
PB (positive big), PM (positive medium), PS (positive small), ZE (zero), NS (negative small), NM
(negative medium), NB (negative big). The designed system controller is based on the error, and the
integral error and error derivative as inputs. Each set represents several linguistic variables defining
the possible state of the output. The knowledge base consists of the membership functions and the
fuzzy rules, which are obtained by knowledge of the system operation according to the environment
for example, provided speed reference or application of load. Knowledge base defines the rules
represented by IF-THEN rule base, relating the input and output variables. Designed controller
comprises 49 rules.

The inference engine, which is based upon the input fuzzy sets, uses the IF-THEN rules in the
knowledge base to make the decisions.

Knowledge base relates 49 IF-THEN rules and membership functions to produce the fuzzy
output. The defuzzification process converts the fuzzy output variables to crisp output. Designed
fuzzy controller was based on per unit membership functions.

2.2. Model of indirect rotor flux orientation

According to [30] in indirect field-oriented control, rotor flux vector is aligned with the axis d of
the revolving d — q reference frame. Two reference frames stationary d°—q° and revolving at
synchronous speed d — g are shifted by the angle 8, between two reference frames.

Angle between two reference frames 6,varies with rotor rotation. Rotor flux ¥, is aligned with
the axis d and its projection to the d axis Wyq = |¥;| and W,q = 0. Then torque, delivered by an
induction motor is calculated as:
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3PLm
=331 (Wraisq)s (12)
where p is number of poles and iy, is torque producing current, L,, is magnetizing inductance
and L. is rotor inductance, referred to stator.
Current iy, is calculated in rotating reference frame from chosen speed reference w; and
current iy, from given flux reference ¥y, rotating at synchronous speed wy.

6 = [ wodt. (13)
The angular position of ¥,is reference frame orientation angle and is calculated as:
0, = [ wodt = [ (W + @) dt = f(r"jfi + gwm> dt. (14)
T'sd

. . L . . .
where w,, is measured mechanical speed of the motor, 7, = R—r is rotor time constant, iy,

»
x
isq

reference current, calculated from reference flux ¥,, wy = is slip speed.

Trigg
Vector control Simulink model of six-phase motor enters the Simulink model of total six-
phase drive shown in Figure 1.
The small power motor parameters were measured experimentally performing locked rotor and

no-load tests. They are given in Table 1.

Table 1. Motor parameters.

Parameter Notation Data Units

Magnetizing inductance Ly, 0.295 H
Stator leakage inductance L 0.07 H
Stator mutual inductance Lim 0.07 H
Rotor leakage inductance Ly, 0.115 H

Stator resistance Ry 68 Q

Rotor resistance R, 4.5 Q

Motor inertia ] 0.034
Number of poles p 8

2.3. PID and PID fuzzy controllers

PID controller consist of parallel connection proportional, integral, and derivative controllers as
shown in Figure 2.

KP, PIand KD are tuneable gains. K3 defines the final value of output signal , Torque reference *, required
for control system.

The system gains were chosen to get the best step response specifications: KP = 1; KI = 0.01; KD = 0.001
and K3 = 25.

Error

Proportional
error

1
P s

Add Torque reference

Error ntegral Integral error

S5
0.01s+1

Error differential Error derivative

Figure 2. Model of PID controller.
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Model of PID fuzzy controller is shown in Figure 3. It consists of the same PID controller, supplied with
fuzzy controller. Fuzzy controller has two inputs: sum of proportional and integral error composes one input;
error derivative forms the other input.

Fuzzy logic controller is designed with unit membership functions for inputs and output [15]. It comprises
49 rules to calculate output according two input signals.

Both PID and PID fuzzy controllers had the same tuned gains KP = 1; KI = 0.01; KD = 0.001; K3

Error
error
Proportional
N [\ s>
a 1 Te"
5 Torque reference
Fuzzy Logic
Error integral Integral error Controller
with Ruleviewer
s |
KD
> 001s+1 |
Error differential Error derivative

Figure 3. Model of PID fuzzy controller.
3. Simulation results of system with PID and PID fuzzy controllers
3.1. Simulation results system with PID controller

3.1.1. Step response of system with PID controller

Step response of field-oriented control system with PID controller of six-phase drive is shown in

Figure 4a.
40 4
s
Z 304 / - n
= 2/ s
I 3 B
£ 204 - ©
S / 4 —
& # £
2 101/ / - g
- f’," o
04 !
0 0.2 04 0.6 0.8 0 0.2 0.4 0.6
Time (s) Time (s)
(a) (b)

Figure 4. (a) Motor variables: 1-motor speed; 2— torque, produced by motor; 3 — reference speed;
4 - load torque; (b) Control errors: 1 — proportional error, 2 — differential error and 3 — integral

error.

Figure 4a indicates, that motor speed approaches to set-up speed 40 rad/s without overshoot.
Setling time is 0.13 s. Load, applied at 0.3 s, shows negligible short time increase of motor produced
load. The speed reduces with load by 0.4 % and that is cancelled over 0.01 s.

Control errors: proportional error, differential error and integral error are shown in Figure 4b.
Proportional error is the greatest error. Torque reference signal is formed from sum of proportional
error, differential error, and integral error. The sum is amplified by K3=25.

Figure 5a shows motor phase current at step response. At starting the greatest current value
reaches 2.8 A. When motor speed reaches steady state, phase current reduces up to 0. 3 A and with
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the load applied at t=0.3 s, it again raises to 1.8 A. With cancelling of load, the current comes back to
its steady-state no-load value.

Phase current (A)
o
Motor currents (A)
N o

0 0:5 1 0 O:5 1
Time (s) Time (s)
(a) (b)

Figure 5. (a) Motor phase current at step response; (b) phase currents at provided reference speed.

Figure 5b gives change of all six-phase currents at provided step response (Figure 6a). During
acceleration motor currents raise up to 3.5 A. When motor speed reaches steady state, the current is
the same as in Figure 5a. Applied load of 5 Nm at t=0.3 s increases current to the same value as in
Figure 5a. The load is taken off at t=0.6 s when the motor goes to deceleration and currently motor
speed is reversed. Currently the significant currents raise up to starting current is noticed. Current
reduces again at motor speed reaches steady state. Afterwards motor decelerating increases current
up to 4 A. After this motor speed is set to zero and sum of all phase currents becomes equal to zero.

3.1.2. Simulation results of system with PID controller and provided reference speed

Figure 6 shows speed reference, load torque as input signals and motor response.

40 t

e
o

N

(@]

)
[
o

Input signals
o

Motor speed and torque

-20 -20 -
-40 -40 '
0 05 1 0 0.5. 1
Time (s) Time (s)
@ (b)

Figure 6. (a) Speed reference (1) and load torque (2); (b) 1 — Motor speed, 2 — torque, produced by
motor and 3 - load torque.

Most of the motors should follow reference speed, with acceleration, steady state, deceleration
following the reverse acceleration, steady state, and deceleration towards zero speed as shown in
Figure 6a.

When motor speed reaches steady state, the load of 5 Nm is applied at time instant t=0.3 s.



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 February 2024 i:10. reprints202402.1256.v1

Figure 6b shows the actual motor speed (1), motor produced torque (2) and load torque.
Application of load instantly increases motor torque up to 5 Nm. With deceleration motor torque
becomes negative and afterwards it changes to provide reference speed.

Figure 7a shows control errors: proportional error, error derivative and integral error at
provided reference speed. The greatest is proportional error with its value of 2.8 rad/s at initial stage
of starting.

Figure 7b indicates torque reference, speed reference, actual motor speed, motor produced

torque and load torque.

3
g
2 :
= =
o 5 3 o
g! £ RA—
S =
c S
o0 — e o
. . -40
0 0.5 1 0 05 1
Time (s) Time (s)

(a) (b)

Figure 7. (a) Control errors: 1 — proportional error, 2 — error derivative, 3 — integral error; (b) Control
variables: 1 — torque reference, 2 — speed reference, 3 — motor speed, 4 — motor produced torque and

5 —load torque.

At starting PID controller elaborates great torque reference, equal to 70 Nm, which in real

equipment hardly could be achieved.

Figure 8a presents increased view of motor speed at application of load and difference between
speed response and actual speed at starting (b). Motor speed reduces by 1 % and this is eliminated
after 0.03 s, remaining constant steady state error 0.075 %.

1

s

o]

40 =1 40.0 =

‘V 396 3 2

<]

Q.

%]

8

IS

0.2 03 0.4 S

Time (s) Time (s) 0.1
(a) (b)

Figure 8. (a) Increased view of motor speed at application of load; (b) Difference between speed
reference (1) and actual speed (2) at starting.

Initial speed delay lasts about 0.06 seconds. At this time a small delay of speed can be seen,
nevertheless after 0.06 s motor speed exactly follows reference speed.

3.2. Simulation results with PID fuzzy controller

3.2.1. Step response of system with PID fuzzy controller
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Step response of vector controlled six-phase drive with PID fuzzy controller is shown in Figure
9a. Motor speed without overshoot reaches steady state value. With application of 5 Nm load, motor
speed reduces by 1%. Settling time is close to 0.13 s. Figure 9b indicates proportional error being the
greatest error, its maximum value reaches about 2.8 rad/s.

40

, 1

330 o 2

I =

200 g

= .g 1 2 4

£10 g

z O

0 [ I V ~ F
0 0.5 1 0 0.5 1

Time (s) Time (s)
(a) (b)

Figure 9. Step response simulation results of the system with PID fuzzy controller: (a) Control
variables: 1 — motor speed, 2 — speed reference, 3 — torque reference, 4 — motor produced torque and
5 —load torque; (b) Control errors: 1 — proportional error, 2 — error derivative, 3 — fuzzy controller
output, 4 — integral error.

Figure 9b evidently shows nonlinear behaviour of fuzzy controller. Fuzzy controller output is
0,86. Amplified fuzzy controller output (Figure 9a) at starting does not exceed 22 Nm.

3.2.2. Simulation results of system with PID fuzzy controller and provided reference speed

Speed reference and load torque shown in Figure 10a were used as main inputs for the system
with PID fuzzy controller.

Reference torque, produced by PID fuzzy controller output and amplified is 22 Nm, which is
much smaller than with PID controller, shown in Figure 9b.

Control errors are shown in Figure 10b. Maximum value of proportional error reaches 2.8 rad/s,
differential error changes its sign ad does not exceed 0.1 rad/s? and integral error is small.

PID together with fuzzy controller improves transient specifications: speed decreases from load
in the same way, but it is removed more quickly; nonlinear fuzzy controller output controls motor
currents to deliver required torque, which maximum value 13 Nm is the same as without fuzzy
controller. All motor variables are shown in Figure 10a.

W17
. ¢ & 2\
9 20F/ 3 \ 4 ?
7 . . n
N Pg 0 :
S o= F—r— Ly 2
= - A =
£ 2 : A
~ O

40 _

() ().;. 1 0 0.5 1
Time (s) Time (s)

(a) (b)
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Figure 10. (a) Motor variables: 1 — torque reference, 2 — motor speed, 3 — motor torque and 4 — load
torque; (b) Control errors: 1 — proportional error, 2 — integral error, 3 — differential error and 4 —

fuzzy controller output.

Figure 11a presents increased view of motor speed at application of load. It reduces by 1 % and
after short time — 0.012 seconds is removed. Difference between speed reference and actual speed at

starting lasts 0.012 s. (b).
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Figure 11. (a) Increased view of motor speed at application of load; (b) Difference between speed
reference (1) and actual speed (2) at starting.

4. Discussion

The Simulink model for six-phase drive together with two PID and PID controllers is designed
and simulated. Both systems indicate good step response and transients’ specifications. Speed
decrease with load is the same for both systems, it does not exceed 1 % and is removed quickly: with
PID controller after 0.03 s, remaining constant steady state error 0.075 %. PID fuzzy controller
removes decrease in 0.012 s and has no steady state error.

PID fuzzy controller follows reference speed more exactly after 0.012 s there is no error between
reference and actual speed. PID controller operates more slowly, and error disappears after 0.06 s.

Reference torque, produced by PID fuzzy controller output and amplified is 22 Nm, and that
with PID controller reaches about 70 Nm. Nevertheless, motor cannot produce torque, greater than
13 Nm for both cases. This value corresponds to calculated breakdown torque.

5. Conclusions

Elaborated Simulink model of six-phase motor drive, controlled with PID and PID fuzzy
controllers or separate its parts can be applied to control of real time systems.

Both controllers providing good transient response specifications, develop robust systems.

PID fuzzy controller indicates more exact following of speed reference at beginning of the

process.
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