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Abstract - A new simplified current control
method for Switched reluctance motor (SRM)
based on Proportional Integral (PI) auto-tuning
controller has been developed. The method uses
a set-point relay framework to extract relevant
information about the process dynamic. During
the on-line model of SRM winding current, this
novel approach keeps the PI controller in a closed
loop to improve the process safeness and model
accurateness. Furthermore, the modified Ziegler-
Nichols method is adopted to calculate the PI pa-
rameters. Several laboratory experimental tests
has been performed to evaluate the method using
a 12/8, 3-phase SRM.

I. Introduction

Switched reluctance motors (SRMs) are potentially at-
tractive for many industrial applications for their simple
structure, high speed, and low cost advantages. How-
ever, as SRM utilization in industry is still relatively lim-
ited compared to other machine types, the practical drive
implementation issues have not been fully explored. In
particular, the inner control loop could benefit from ad-
ditional research. The goal of this paper is to focus on the
development of a fully digital implementation of the in-
ner current control loop for high-performance SRM drives
operating with high saturation. However, the nonlinear
characteristics in the operation of an SRM complicate the
analysis and the control of the motor, and limit its appli-
cability to high performance applications, such as servo
systems.

One of the primary 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 [1], [2], [3] and [4]. The most com-
mon strategies of current controllers can be classified as
hysteresis and the linear controllers. Each scheme has
its advantages and drawbacks with regard to insensitiv-
ity to parameters variations, accuracy, robustness, and
dynamic response over the entire speed range. The ad-
vantages of hysteresis current controllers lie in their sim-
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plicity and their providing fast responses and good accu-
racy, because they act quickly. However, there are well
known disadvantages such as variable-frequency switch-
ing, and high ripple current, making it undesirable for
many applications. This is mainly due to a lack of sliding
mode trajectory in hysterisis controller. A PI controller
with switching frequency constant 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
causes poor performance of the controller [4].

AC small signal modeling technique has been widely
used in power converters for many years [5]. This paper
presents a new practical and simple approach for mod-
eling and controlling of a SRM current loop and a de-
sign methodology for PI current controllers was devel-
oped based on setpoint relay method [6]. By means of
the relay control, small oscillations on the output current
are generated. Based on the measurements of the fre-
quency and amplitude of the oscillations, two parameters
of a first-order-plus-deadtime model at the oscillation fre-
quencies are derived. The control design is done without
on-line iteration and the PI parameters of the current
loop are determined analytically and instantaneously us-
ing the modified Ziegler and Nichols method [6], [7] and
[8]. The advantage of this method is a low demand pro-
cessing time. Experimental results are included to verify
the performance of the proposed controller.

The new simplified mathematical model for the SRM
current loop is a suitable tool for control design. The
setpoint relay method provides good information about
a operation point to determine the parameters of a first-
order-plus-deadtime model.

II. On-line SRM Modelling 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
domain techniques to analyze the resulting system [9].
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Since a relay is a nonlinearity, this analysis is used. The
use of ideal on-off relays limits the identification of the fre-
quency 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 principle of
relay feedback method can be explained following Fig. 1.
The SRM current transfer function, which is going to be
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Fig. 1 (a) Block diagram of Process under PI control with
setpoint relay. (b) Typical waveforms of relay feedback.
(c¢) Nyquist diagram of G)(s) and relay block.

controlled, denoted with G,(s), is regulated firstly using
a relay see Fig. 1(a). Thus, an oscillation on signal with
period T, (or angular frequency w,) and amplitude a is
generated see Fig. 1(b). The oscillation waveform is al-
most sinusoidal assuming that the low-pass filter action
of G)p(s) filters the higher harmonics generated by the re-
lay. 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 of Fig. 1 usually requires the intro-
duction of a hysteresis function in the relay block. This
is usually needed in order to avoid multiple zero-crossing
due to the noise in the sensed variable. When the hystere-
sis function is used, the describing function of the relay
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is: Ad
N (a) = —

ma

e—j sin~!(e/a) (2)
where d is the amplitude of the relay, € is the width of
the hysteresis and a is the amplitude of the resulting os-
cillations at the output of the plant under the control of
the hysteresis relay. Condition (1) is also represented in
the Nyquist diagram of Fig. 1(c). Function 1/N(a) can
be represented as a straight line parallel to the real axis,
in the complex plane.

In the configuration of Fig. 1, for a hysteresis relay
of d and ¢ values, under limit cycling conditions with
frequency w, and amplitude a, the operating point ap-
proximately satisfies

44 s/ G () = —1
Ta

3)

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

G (jwa)| = 22, /G (jwe) = —7 +sin~! (e/a)

1 (4)

Eq. 4 shows that for a given set of d and ¢, the gain
and phase of G(jw) can be determined by observing a
and w, from the resulting limit cycles.

B. Process Model

This work used a two-quadrant-chopping converter.
Based in ac small signal modeling technique used in power
converters, and assuming the duty-cycle is d, with the av-
erage voltage applied to the phasing winding during one
switching period, the output current to duty-cycle trans-
fer function can be derived [5]:

T,
G; =" 5
O 5)
With oV
dc
Tuo - 5 -
R, + wK
and
o — R, + wK
° L

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; Vj. is the power sup-
ply. Because the L, K varies with the rotor position, the
output current to duty-cycle transfer function contains a
moving single pole.

The phase current can be measured on-line using the
setpoint relay experiments. The control scheme comprises
of a relay and an extra feedback signal to the setpoint,
as shown in Fig. 1. The basic idea of the setpoint relay
is similar to that of relay feedback experiment [8] except
that it have the advantage of oscillate inside a ”safe op-
eration zone” due the performance of the PI controller
in forward loop and the existing control system is always
in closed-loop during the tuning. The control parameters
are determined from the knowledge of the critical gain
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Fig. 2 Diagram of the setpoint relay.

and the critical period. The relay output is connected to
the setpoint of the existing PI controller.

Assume 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:

6<S> = Kriref - (1 + Kr> U(S) (6)

where i,.s is the setpoint; u(s) is the controlled variable
or process variable. Hence the block diagram can be re-
arranged as shown in Fig. 2. The loop transfer function
is (1+ K,)Gp(s)Ge(s). The equivalent gain or describing
function for the relay element is [10]:

4d
ma? — g2

C. Setpoint relay under PI control

K, =

The relay based identification method can give only
one critical point on the Nyquist curve of the open loop
transfer function, 1(c), which is able to determine two
unknown parameters in the process model. Therefore,
we adopt the transfer function between the duty-cycle
and the output voltage, (5), plus deadtime model, given
by [7]: ,

—Us
_ Kpe ' M)

T7s+1
where K, is process gain, 7 is the time constant and  is
the dead time.

It is noteworthy that model (5) is an exact expression
for SRM converter proposed by [5], it was also used to in-
terpret the relay autotuning method by [7]. This transfer
function will be applied to the drive of the SRM, shown
in Fig. 1. Considering a PI controller with the following
transfer function as:

1
Ti8> ’

where T; is the integral time. Then, the system is forced
to oscillate at the resonant frequency w,,. When sustained
oscillation is developed:

Gp(s)

Go(s) = K., (1 + (8)

arg [(1 + KT)Gp(jwu)Gc(jwu)] = . 9)

and
|(1+ K;)Gp(jwn)Ge(jwa)| = 1. (10)
where w,, is the oscillation frequency. From 10 we obtain:

o (14 K, )Kp/T?w?2 + 1)

2
Tiwy

(11)
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In the same way, we obtain the estimate of deadtime in
model of 7, from 9 we as:

[g + tan~H(Thw,) — tan_l(Twu)]

0= 12
v (12
Defining
2nT
K, = 1
T (13)
and 5
T
T, = — 14
= (14

it is easily seen that with the above assumptions K, is the
gain that brings the system to stability boundary. The
ultimate gain K, and the ultimate period T, are thus
easily found from a relay experiment [11].

Experimentally the output variable i(t), oscillation am-
plitude a and period T,, were measured and the parame-
ters of equation (7) were obtained on the basis of equa-
tions (11) and (12). The plant gain can be determined
from the steady state or by the other corresponding way.

Eq. 5 show that the parameters of the transfer func-
tion of the converter, which varies with the rotor position
and rotor speed. During the dwell angle, 64,11, of each
phase, the inductance L varies between minimum value
Lu to maximum La, and the inductance gradient K may
be either zero or ﬁ. Because the original uncompen-
sated system contains a moving pole and the gain of the
uncompensated transfer function varies with the rotor po-
sition, it is impossible to design a fixed PI compensator
to maintain constant gain and phase margin at different
rotor position. There are two ways to design a compen-
sator to make system stable. One is to design a fixed
compensator at worst case to make system stable under
all rotor position. Designing a timing varying compen-
sator with rotor position to maintain stable performance
all the time is another way; however, this is hard to realize
in the digital signal processing (DSP) program.

The relay method identify two points of transfer func-
tion of converter when consider the oscillation of process.
Then, the time constant, 7, consider the effect of varia-
tion parameters with the rotor position and rotor speed.
For the speed change in relay setpoint method, we have
the others operations point mainly the value of reference
current.

III. Current Controller Design

To verify the proposed method to model of SRM cur-
rent loop, then based on the estimates of deadtime and
time constant, it is possible to use the Ziegler-Nichols
reaction curve formula to calculate the PI parameters di-
rectly. In this work, it was adopt the modified Ziegler and
Nichols method for determining the parameters of the PI
controller. The PI controller parameters are given by [8]:

K. = Kyrycos (ép) - (15)
Ty
Ti= 2w tan (¢p)

where r, and ¢, are module and phase specified, how
design parameters.

(16)
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IV. Experimental Results

In order to verify the proposed method to model for
the SRM current loop, a hardware prototype was imple-
mented with digital signal processor TMS320F2812 when
running at 25k H z switching frequency. During this test
bench setup, a 12/8 SRM with three-phase, 120V dc, 2.5A
is used. It has 12 stator poles and 8 rotor poles. Each
phase circuit comprises of single-tooth coils wound on one
set of four stator poles, 90 mechanical degrees apart. The
inductance profile of each phase is repeated in 45 me-
chanical degrees. In the whole control process, only one
phase winding is conducted at any time and no overlap
between phase current. So, the maximum dwell angle
of each phase is 15 mechanical degrees. The parameters
of PI controller used in this project are designed. The
two-quadrant-chopping converter is used for the motor
drive. Rotor speed, 220rpm and input voltage, 120V,
are assumed in relay setpoint identification. The work
was undertaken using the experimental setup shown in
Fig. 3. The estimated values of current and voltage are
updated every 40us (25kH z).

—
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Fig. 3 The setup system.

To verify the proposed method, it was carry out the
setpoint relay experiments for SRM drives with the fol-
lowing values: phase current in winding of 2.5A, ampli-
tude of hysteresis d = 1.5, width of hysteresis ¢ = 0.2.
The sustained oscillation for all SRM phases are shown
in Fig. 4.

From equations (11) and (12), it was found 7
0.0861s; # = 0.0195ms; T,, = 0.000776rad; K, = 697.22,
and amplitude a = 0.35. The parameters of the PI con-

troller, Fig. (1), were established in K. = 100. and
T; = 2.22 x 10~*. From equation (6):
0.8670.0001955
Gp(s) = (17)

0.08611s+ 1~

To validate this approach further extensive experimen-
tation was performed and favorable outcomes were ob-
tained. In this way the other experiments with different
values for € with amplitude of hysteresis fix, d = 1.5, and
same existing PI controller setting were obtained. Several
situations are shown in Table 1.

For one of value, € = 0.2, the estimated parameters are
used for auto-tuning of PI controller and was obtained
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Fig. 4 Output of relay setpoint: phases A,B and C.
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Fig. 5 Currents of SRM phases with PI controller.

by modified Ziegler-Nichols method with r, = 0.29 and
¢p = 46°, that obtained gain proportional K. = 140.45,
integral time 7; = 0.199ms, where the operation fre-
quency is given by w, = 588.235rad/s. Fig. 5 shows
a basic implementation take into account a load in the
SRM shaft (implemented through a dc motor).

In order to access the usefulness of the proposed
method experimental tests were repeated for different set-
point of current (2.5At03.5A) and rotor speed (220rpm
and 300rpm), respectively. Figures 6 and 7 show the
waveforms of current with PI controller.

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

The application of setpoint relay is done in relative low
speed for the SRM mainly due to two reasons: the first is
because the current control is an issue only in low speed,
where current normally is limited by chopping. The use of
single pulse control is typically used at and above nominal
speed. The second reasons is because with the increases
of speed sustained oscillation can not be developed then

Table 1 Identification Results from Setpoint Relay for
SRM

e | Tylrad]| K, Tlms] | 6[ms]
0.15 | 0.00072| 5064.23 | 0.0576 | 0.19
0.1 | 0.0076 | 637.29 0.077 0.19
0.2 | 0.0077 | 697.22 | 0.0861 | 0.195
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Fig. 6 Currents of SRM phases with PI controller and
setpoint change, w = 220rpm.
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Fig. 7 Current waveforms of SRM phases with PI con-
troller and setpoint change, w = 300rpm.

the relay setpoint method is not suitable.

V. Conclusions

The main contribution of this paper is the use of re-
lay feedback for identifying the SRM loop current trans-
fer function. The identification is accomplished in fre-
quency domain and the results are used for designing a
PI control loop based on gain and phase specifications.
Relevant information are extracted from limits cycles es-
tablished by relay set-point scheme and the describing
function method is used for modeling purpose. The pro-
posed SRM modeling scheme does not require a priori
knowledge of motor characteristics. To verify the pro-
posed method the modified Ziegler-Nichols PI tuning was
used to calculate the controller parameters. Experimen-
tal results are presented and demon- strate the feasibility
of the SRM modeling and controlling scheme.
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