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Abstract - This paper considers a novel ap-
proach to the accurate on-line modeling of a
switched reluctance motor (SRM) drive. More-
over, the implementation of a simple autotun-
ing technique for SRM current control based on
PWM controllers using modified Ziegler-Nichols
tuning method is also introduced. The proposed
method is an extension of the relay feedback con-
trol. It uses a setpoint relay framework to extract
relevant on-line information about the process dy-
namics. The proposed PWM controller has been
simulated and a hardware prototype was then im-
plemented with digital signal processor control to
evaluate the method using a 12/8, 3-phase SRM.
The experimental results of the drive model vali-
date the introduced current control method.

Keywords - Switched Reluctance Motor, Relay
Modeling, Experimental Identification.

I. INTRODUCTION

Switched reluctance motors (SRMs) are potentially at-
tractive for many industrial applications due to their sim-
ple structure, high speed, and low cost. However, as SRM
utilization in industry is still relatively limited compared
to other machine types, the practical drive implementa-
tion issues have not yet fully explored.

One of the major disadvantages of SRMs is the torque
ripple. The torque is often controlled via an inner current
loop, with a nonlinear relationship between torque and
current. To achieve good torque linearity and low torque
ripple, accurate command tracking is required from the
current controller. At low speed, current profiling may
be utilized to reduce torque ripple. Several researchers
have proposed current profiling based methods to mini-
mize torque ripple ([6], [4] and [2]). The SRMs have been
traditionally controlled by either open-loop hysteresis or
closed-loop pulse-width-modulation (PWM) current con-
trollers. Each scheme has its advantages and drawbacks
with regard to insensitivity to parameters variations, ac-
curacy, robustness, and dynamic response over the entire
speed range. The advantages of conventional hysteresis
current controllers lie in their simplicity and capability
of providing fast responses and good accuracy, because
they act quickly. However, there are well known disad-
vantages such as large current ripple and a widely varying
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switching frequency. Although there are some techniques
to solve the frequency issue, these problems usually make
the controller unfit for many applications. On the other
hand, PWM controllers provide improved characteristics
of the control loop compared to their hysteresis counter-
parts, although they are more complex to be designed
due to the nonlinear nature of the SRM. A PI controller
with constant switching frequency has advantages such as
easy digital implementation, low ripple current, and sim-
ple structure. However, due to the aforementioned non-
linear plant characteristics, good performance and stable
operation are difficult to achieve over the full operating
range. The main difficulties in both cases are the electri-
cal time constant (L/R) and dynamic disturbance (back
EMF) which vary widely with current and rotor position,
compromising the performance of the controller [2]. Most
of prior papers have been focused on motor design, con-
verter topology, and modulation strategy. Although there
are some methods for modeling of SRM drives in litera-
ture [5], [9] they do not present rigorous mathematical
formulation of the system operation behavior due to the
non-linearity in SRM circuit.

In particular, the inner control loop could benefit from
additional research. The goal of this paper is to focus
on the development of a fully digital implementation of
the inner current control loop for high-performance SRM
drives operating with high saturation. However, the non-
linear characteristics in the operation of a SRM compli-
cate the analysis and the control of the motor, and limit
its applicability to high performance applications such as
servo systems.

AC small signal modeling technique utilizing the plant
transfer function for the controller design has been widely
used in power converters for many years [8]. Without the
previous knowledge of the exact transfer function and in
fact with time-varying transfer function, it is difficult to
design the controller with proper gains and bandwidth.
In this paper, a new practical and simple approach for
modeling and controlling a SRM current loop and a de-
sign methodology for PI current controllers have been de-
veloped based on setpoint relay method [10]. By means
of the relay control, small oscillations in the output cur-
rent result. Based on frequency and amplitude measure-
ments of the sustained relay oscillations, two parameters
of a first-order-plus-deadtime model at the oscillation fre-
quencies are derived. With the linearized SRM model, the
duty cycle for the output transfer function can be derived,
and the controller can be designed with sufficient stabil-
ity margin. The control design is performed without on-
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line iteration and the PI parameters of the current loop
are determined analytically and instantaneously using the
modified Ziegler-Nichols method [10], and [3], whose ad-
vantage lies in the low processing time. Experimental
results are included to verify the performance of the pro-
posed method, and an experimental setup was built.

A hardware prototype was implemented with digital
signal processor (DSP) to verify the proposed modeling
and control approach with the PWM controller switching
at 25 kHz to avoid audible noise. The major features of
this controller include: 1) constant switching frequency;
2) closed-loop current control; and 3) small current ripple.
According to the experimental results, the new simplified
mathematical model for the SRM current loop is a suit-
able tool for control design. The setpoint relay method
provides good information about an adequate operation
point to determine the parameters of a first-order-plus-
deadtime model.

IT. ON-LINE SRM MODELING SCHEME: PROCESS
IDENTIFICATION

A. Describing Function Method

Describing function analysis is a method that can be
used to predict and approximately analyze nonlinear be-
havior. The basic idea is to approximate a nonlinearity
by a linear equivalent and then use different frequency do-
main techniques to analyze the resulting system [1]. Since
a relay is a nonlinearity, this analysis can be adopted.
The use of ideal on-off relays limits the identification of
the frequency response to only the phase crossover point.
This restriction is due to the describing function of the
ideal relay being a real valued function. The basic princi-
ple of relay feedback method can be explained according
to Figure 1. The SRM current transfer function Gp(s),
which is supposed to be controlled, is regulated firstly us-
ing a relay, as seen in Figure 1(a). Thus, an oscillation
in the signal with period T, (or angular frequency w,)
and amplitude a is generated, as shown in Figure 1(b).
The condition for the oscillation to be maintained is the
following:

N(a).G(jw) = —1 1)

where N (a) is the relay transfer function modeled using
the describing function method. Practical implementa-
tion of the scheme shown in Figure 1 usually requires the
introduction of a hysteresis function in the relay block.
This is usually needed in order to avoid multiple zero-
crossing points due to the noise in the sensed variable and
generalize the method for the estimation of other points
in the Nyquist diagrams. When the hysteresis function is
used, the describing function of the relay is:

Ee—jsin’l(e/a) (2)

N (a) =

where d is the amplitude of the relay, € is the half width
of the hysteresis, and a is the amplitude of the resulting
oscillations at the output of the plant under the control
of the hysteresis relay. The condition stated in (1) is
also represented in the Nyquist diagram shown in Figure
1(c). Function 1/N(a) can be represented as a straight
line parallel to the real axis in the complex plane.

164

SRM

PI Controller

output process i(s)

N AT

(b) output relay e(s)

A

Im
G(jwu) Re
-]J‘N(a) -
“ad \
describing G(jw)
function

©

Fig. 1. (a) Block diagram of the process under PI control
with setpoint relay. (b) Typical waveforms of relay feedback.
(c¢) Nyquist diagram of G,(s) and relay block.

In the configuration of Figure 1(a), whose hysteresis
relay parameters are d and ¢, for the limit cycle conditions
with frequency w, and amplitude a, the operating point
approximately satisfies to

4d ;-1

2 s G (o) = —1 (3)
Ta

where G(jw,) is the frequency response of the linear pro-
cess. Hence,

T LG (jwu) = —m+sin} (gfa)  (4)

According to (4), for a given set of d and ¢, the gain and
phase of G(jw) can be determined by observing a and wy,
from the resulting limit cycles.

B. Process Model

In the proposed SRM drive modeling, an asymmetrical
bridge converter was used, as shown in Figure 2. In this
circuit, each phase winding is represented as one resis-
tance in series with one inductor.

The transfer function from duty cycle to output cur-
rent can be derived by using ac small signal modeling
technique for power converters. When the switches are
on, positive voltage V. is applied to phase winding; when
they are turned off, the negative voltage is applied. As-
suming the duty cycle as D, and considering the average
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Fig. 2. Three-phase, asymmetrical bridge converter for the
SRM.
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voltage across the phase winding during one switching
period, the transfer function is given by [8]:

TUO
G; = — 5
d(s) 1 ¥ 8/0.)0 ( )
With o1
T,, — ———d¢
rs + wK
and
st wKkK
Wy = —7

where w is the speed; K is the gradient of the inductance
varying with the rotor position; L is the average induc-
tance over one switching period; V. is the power supply
dc voltage and 7 is the phase resistance. Since param-
eters L and K vary with the rotor position, the transfer
function from duty cycle to output current contains a sin-
gle moving pole.

The function of the pulse-width modulator is to pro-
duce the duty cycle D that is proportional to the output
voltage of the compensator. The transfer function of the
pulse-width modulator is given by:

D(s) _ 1
Vdc(s) B Vm (6)

where V;,, is the peak voltage of the pulse-width modula-
tor triangular wave.

It can be seen in (5) that the parameters of the trans-
fer function of the converter vary with the rotor position
and rotor speed. During the dwell angle of each phase,
expressed as Ogyell, the inductance L varies between min-
imum value L, to maximum L,, and the inductance gra-
dient K may be either zero or %. A 12/8, 120 Vi,
2.5 A, three-phase SRM whose series resistance is ry = 2.4
ohms, with rotor at speed 220 rpm, is employed. The in-
ductance profile for minimum and maximum values are
8 mH and 52 mH, respectively, is repeated every 45 me-
chanical degrees. The open loop transfer function can be
given by four expressions as follows, depending on the
aforementioned parameters:

100

Giar () = 5003335 + 1 ™
100

Giaz (5) = 5052005 71 (8)
72.26

Gias (5) = 5002635 1 1 9)
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B 72.26
©0.01700s + 1

Figure 3 shows some regions in the Nyquist diagram
for two of the aforementioned transfer functions, which
are used as a base for identification and control. Such
functions are limited because they depend on the previ-
ous knowledge of the motor parameters. However, this
limitation can be overcome by identification methods.

Gida (3) (10)

Nyquist Diagram
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Fig. 3. Nyquist diagram for the transfer function models.

C. SRM Drive Identification by Setpoint Relay under PI
Control

The phase current transfer function can be modeled
on-line using the setpoint relay experiments. This on-
line modeling technique does not require a priori knowl-
edge of SRMs electromagnetic characteristics. The con-
trol scheme comprehends a relay and an extra feedback
signal to the setpoint, as shown in Figure 1. The basic
idea of the setpoint relay is similar to that of relay feed-
back experiment [3] except that it has the advantage of
oscillating within a safe “operation zone” due the perfor-
mance of the PI controller in forward loop and the ex-
isting control system is always in closed-loop during the
tuning. The control parameters are determined from the
knowledge of the critical gain and the critical period.

Assuming that the gain of the relay is K., which corre-
sponds to its describing function, the transfer function of
the controller is G.(s) and the transfer function of process
is Gp(s), the error e(s) can be calculated as:

e(s) = Kyirer — (1 + K;) v(s). (11)

where 4.7 is the setpoint and v(s) is the control vari-
able. Hence the block diagram can be rearranged as
shown in Figure 4. The loop transfer function is (1 +
K, )G,(s)Gc(s). The equivalent gain or describing func-
tion for the relay element is [7]:

4d

K, = —F—nx=
" onvae? =2

Although only one Nyquist curve point can be identi-
fied by relay without hysteresis, two unknown parameters
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Fig. 4. Block diagram of the setpoint relay.

in the process model could be determined from gain and
phase conditions, according to Figure 1(c¢). Therefore,
the transfer function from the duty cycle to the output
voltage represented by (5) plus deadtime model given by
[3] is adopted as follows:

—0s
_ Kpe

Gyls) = =2 (12)

where K, is the process gain, 7 is the time constant, and
0 is the dead time.

It is important to mention that (5) corresponds to an
exact expression for the SRM converter proposed in [8],
and it was also used to interpret the relay autotuning
method by [3]. This transfer function will be applied to
the SRM drive shown in Figure 1. Let us consider a PI
controller with the following transfer function:

Gols) = K, (1 + T:) . (13)

where T; is the integral time. Then, the system is forced

to oscillate at the resonant frequency, w,. When sus-
tained oscillation is developed, it gives:
arg [(1 4 K;)Gp(jwu)Ge(jwu)] = —. (14)
and
|(1 + K?”)Gp(jwu)Gc(jwu)| =1 (15)

where w,, is the oscillation frequency. From (15) one can
obtain:
(1 + K Kp/Tiws, + L
T = :
Tiw?

Analogously, the deadtime estimate in the model given
by (12) can be obtained from (14) as:

(16)

[ + tan ! (Tiwy,) — tan™* (Tw,)]

0= 17
v (1)
Defining
2rT
K,=— 1
. (18)
and 5
T
T, = — 19
= (19)

One can easily notice from the above assumptions that
K, is the gain that brings the system to stability bound-
ary. The ultimate gain K, and the ultimate period T,
are easily found from a relay experiment [7].

The developed modeling is used in the design of the
controllers. Figure 5 shows the block diagram of the
model used for relay setpoint simulation.
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Fig. 5. Diagram block of relay setpoint simulation.

For relay setpoint simulation, the SRM transfer func-
tions given by (7) and (10) were employed. The first ap-
proximation of transfer function with parameters ¢ = 0.2
and d = 1.5 was adopted as the relay setpoint when sus-
tained oscillation is developed. Figure 6 shows the relay
setpoint simulation results with PI parameters given by
K, =100, T; = 2.22 x 10~* s, and step current reference
of 2.5 A.

4 Gidl Gid4
3.5
3
= 29
§ 2|
3
15
1 —
0.4/ output gyt 05/ output output
o current relay cur?ent relay
N N
0.5 time 1 X i|.65 02 04 06 tl%g 1.2 1.4X ?56
[s] 10 [s] 10

Fig. 6. Relay setpoint simulation for the transfer functions
Gig1 and Giqa.

ITI. CURRENT CONTROLLER DESIGN

To verify the proposed method for the modeling of the
SRM current loop, then based on the estimates of dead-
time and time constant, it is possible to use the Ziegler-
Nichols reaction curve formula to calculate the PI param-
eters directly, as generally this results in poor tuning of
the PI parameters. In this paper, the modified Ziegler-
Nichols method proposed in [7] was adopted. Initially,
one must choose an arbitrary point on the Nyquist curve
of the open loop system as:

G, (jwo) = raej(”+¢”) (20)

where r, and ¢, correspond to magnitude and phase of
the arbitrary point.

The controller parameters can be designed to provide
specific phase and gain in terms of the transfer functions:

Gy (jwo) = Tbej(”""%) (21)

where r, and ¢ correspond to magnitude and phase of
the design, respectively.
The frequency response of the controller is:

Ge (jwo) = reel?e (22)

where r. and ¢, correspond to magnitude and phase of
the controller, respectively.

The loop transfer function for the compensated system
can be calculated from:

el (FH00) it oi(ntoa)
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Assuming r, = 1/K, at the crossover frequency, the
PI controller parameters are given by:

K. = Kyrycos (dp) - (23)
T,
"7 T 2rtan (¢p) (24)

where 7, and ¢ are the specified argument and phase,
respectively, i.e. the design parameters.

Figure 7 shows the closed loop response when a PI con-
troller is tuned by modified Ziegler-Nichols. According to
[7], PI tuning has been performed with the desired loop
transfer function represented by:

G (j7.865 x 10%) = 0.41¢7 (" +69) (25)
3 " Reference
current
25 i
2+ i
< Output
= current
§l.5 b
3
1 -
0.5 4
0 012 074 076 018 Il 112 114 1.6
time [s] x 10

Fig. 7. PI controller based on modified Ziegler-Nichols.

IV. EXPERIMENTAL RESULTS

In order to verify the proposed method to model the
SRM current loop, a hardware prototype was imple-
mented with digital signal processor TMS320F2812 of
Texas Instruments as the switching frequency is 25 kH z,
considering the block diagram in Figure 8.

Motor Driver (VSI)

- ﬁ
i Gate Signal Current Feedback |
Gate Driver A/D
Duty-Cycld it
uty-Cycle . . )
d Pulse Width | Ic Pl le Iref
M odulator Compensato

DSP Current Controller

Fig. 8. DSP controller-based SRM drive system
configuration.
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In this test bench setup, the SRM presented in section
II.B was assumed in relay setpoint identification. The
inductance profile with a minimum and a maximum is
repeated every 45 mechanical degrees. Because only one
phase is allowed to conduct at any time, there is no over-
lap between the firing of two phases. Parameter 6gyce;
is 15 mechanical degrees for each phase. All three-phase
currents were sensed and fed through 16-bit analog-to-
digital (A/D) converters. The complete controller includ-
ing PI compensator and PWM control was implemented
in DSP coding. The experimental setup shown in Figure
9 was developed, as the current and voltage sampling rate
is 40 ps (25 kHz).

Gate Driver
with
protection
J0 InterfacejN
Board [N~ V| DSP
Power Stage

7:1\[/ Current Sensing

Position Sensing

@)

—————1
Computer

Fig. 9. Experimental system.

In order to observe the open loop behavior of the sys-
tem under the same voltage, current, and speed condi-
tions, experimental results regarding the dc link current
and the three-phase currents were obtained, as shown in
Figure 10. It can be seen that the dc link current corre-
sponds to the sum of the three-phase currents. Figure 10
also shows that the dc link current presents some dip dur-
ing the phase transitions state, which is due to different
slopes in the incoming and outgoing phase currents. The
waveform illustrates the torque ripple problem in three-
phase motors, considering that torque is proportional to
the current and is often controlled employing an inner
current loop. Therefore Figure 10 gives an insight of the
torque problem in SRM system, i.e., the current loop is
supposed to be efficiently controlled for good torque char-
acteristic.

During the identification phase, first the setpoint re-
lay experiments for SRM drives with the following values
were carried out, where phase current through windings
is 2.5 A, hysteresis amplitude is d = 1.5, and hysteresis
width is ¢ = 0.2. Considering the same speed and dc link
voltage conditions of the previous test, the sustained os-
cillation for the SRM phases is shown in Figure 11. From
the obtained results, the output variable ¢ (correspond-
ing to the winding currents), oscillation amplitude a, and
period T, were measured. Then the parameters in (12)
were obtained based on expressions (16) and (17). From
Figure 11 it was found 7 = 0.0861 s; § = 0.0195 ms;
T, = 0.000799 rad; K, = 859.2, and amplitude a = 0.35.
The parameters of the PI controller in Figure 1, were es-
tablished as K, = 100 and T; = 2.22 x 10~* s. The gain
was also determined in steady state. As a result of this
identification procedure, the estimated tranfer function
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Fig. 10. DC link current and the three-phase currents under
unstable current-loop condition.

for SRM loop current given by (11) is:

89670.27715
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Fig. 11. Output of relay setpoint: phases A,B, and C.

Figure 12 shows the Nyquist diagram of G,(s) and the
transfer functions given by physical parameters present
in (7) and (10).

Since the transfer function varies with the rotor posi-
tion, it is impossible to design a fixed PI compensator to
maintain constant gain and phase margin at different ro-
tor position. There are two ways to design a compensator
to make system stable. One is to design a fixed compen-
sator at worst case to make system stable for all rotor po-
sition. Designing a time varying compensator with rotor
position to maintain stable performance along the time
employing adaptative control is another alternative.

The relay method identifies two points of SRM cur-
rent loop transfer function. With this approach it is pos-
sible to identify a transfer function within the interval
(Gidl to Gid4, seen in Figure 12) that provides better
process dynamic representation. Then the time constant
7 considers the effect the parameters variation with rotor
position and rotor speed. For the speed change in relay
setpoint method, other operating points exist, mainly the
reference current.

One can see from Figure 12 that the relay setpoint
method provides appropriate results using the ac small
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Fig. 12. Nyquist diagram of identified function by two
method.

modeling technique described by (5). This transfer func-
tion by relay setpoint method is used as a base for the
design of controllers that will be implemented experimen-
tally to validate the proposed method. Therefore the
controllers are supposed to operate around the operat-
ing point defined during the identification process. This
point is defined from the current and speed parameters
used during the experiment, that are 7,.y = 2.5 A and
wr = 220 rpm.

To validate this approach further, extensive experimen-
tation was performed and far more relevant results were
obtained. Then other tests with different values for e
with hysteresis amplitude fixed at d = 1.5 using the same
existing PI controller setting were obtained. Some cases
are shown in Table I.

TABLE I
Identification Results from Setpoint Relay
€ T [rad) K, 7[ms] f[ms]
0.05 0.0007 413.38 0.0460 0.176
0.10 0.0074 552.89 0.0655 0.187
0.20 0.0080 859.20 0.1092 0.200

In equation (26), since the current loop time delay (6)
is smaller than the time constant, the time delay has been
disregarded for modeling purposes. Assuming a ZOH and
a sampling rate of 40us, the discrete equivalent of equa-
tion (26) is:

0.003649z 1

Cr(2) = 10096451

(27)
This equation (27) was used to implement the SRM cur-
rent controller. Thus, considering € = 0.2, and in order to
verify the effectiveness of proposed current-loop controller
design methodology, the estimated parameters are used
for auto-tuning of the PI controller by modified Ziegler-
Nichols method employing r, = 0.29 and ¢, = 46°,
with the obtained gain proportional K, = 173.073, in-
tegral time T; = 0.123 ms, and operating frequency
w, = 1.2517 x 10® rad/s. According to Figure 13, a
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basic implementation is supposed to take into account a
load in the SRM shaft (represented by a dc motor).
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Fig. 13. Currents through SRM phases using PI controller.

In order to demonstrate the usefulness of the proposed
method, experimental tests were repeated for different
setpoints varying both current (from 2.5 A to 3.5 A) and
rotor speed (220 rpm and 300 rpm), respectively. Fig-
ures 14 and 15 show the current waveforms with the PI
controller.

E T

1
1
. I . . l.gA.l’Div-5ms:

E T
LI B B

T phasec " phasea

TR gt R
ey i

A e

)

IS ATRTAE I - T A

Fig. 14. Currents through SRM phases using PI controller
and setpoint change (w = 220 rpm).

154 Dw - Sms

Fig. 15. Current waveforms through SRM phases using PI
controller and setpoint change (w = 300 rpm).

Figure 16 shows multiple cycles of the dc link ripple
current component and the three-phase currents with PI
controller, which are 120 degrees apart.

By using an iterative procedure, an adaptive control
that presumes an identification method can be consid-
ered. The tuning of PI parameters is obtained directly
by including the controller in the relay feedback and by
adjusting the controller parameters based on the specified
performance.

The application of setpoint relay was performed at rel-
ative low speed for the SRM mainly due to two reasons:
the first one is because the current control is an issue only
observed at low speed, where current normally is limited
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Fig. 16. DC link current and the three-phase currents.

by chopping. The use of single pulse control is typically
used at speeds equal or greater than the nominal speci-
fication. The second one is because sustained oscillation
can not be developed due to the speed increase, as the
relay setpoint method may not be suitable.

V. CONCLUSION

The main contribution of this paper is the use of re-
lay feedback for identifying the SRM drive current loop
transfer function. Moreover, a simple autotuning tech-
nique for SRM drives using the PWM controller was also
introduced. The identification is accomplished in the fre-
quency domain and the results are used in the design of
a PI control loop based on gain and phase specifications.
The method is an extension of the relay feedback con-
trol where relevant information are extracted from limit
cycles established by relay setpoint method and the de-
scribing function method is used for modeling purposes.
The method has the advantage of keeping the machine
operation within a “safe operation zone” since existing
control system is always in closed-loop during the identifi-
cation phase. The proposed SRM drive modeling scheme
does not require the previous knowledge of motor char-
acteristics. To verify the proposed method, the modified
Ziegler-Nichols PI tuning was used to calculate the con-
troller parameters. Experimental results have been pre-
sented and demonstrate the feasibility of the SRM drive
modeling and control scheme.
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