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Abstract: In this paper, an analysis of the properties of a switched reluctance motor (SRM)
8/6 in an extended constant power range is presented. The typical constant power range
to constant torque range ratio is between 2 and 3. In the case of machines designed as an
electric vehicle drive, it is important to maximize this ratio. In the case of an SRM, it is
possible to achieve this by applying an appropriate control strategy. An analysis of the SRM
operation utilizing a modified control algorithm allows control of the maximum value of
the motor phase current. As a consequence, using the so-called nonzero initial conditions
for the current and flux allows the output power to be maintained in a wide speed range.
For the improvement of drive system efficiency, the work of the phase current regulator
should be limited to a minimum. The most advantageous work conditions we obtain with
single-time current regulator work. Laboratory verification has been performed for selected
states of motor work.

Key words: continuous conduction, control strategy, extended constant power range, SRM,
switched reluctance motor

1. Introduction

Most electrical machines can be used as the main drive in electric and hybrid vehicles [1-3]. In
this case, the constant power (CP) range to constant torque (CT) range ratio (CP/CT) is significant.
At the same time, for many years, there has been a tendency to use a brushless permanent magnet
motor (BLPM) in this drive [3-7]. However, the uncertain political situation, increasing prices
of magnets, and monopolized production are causes for seeking an alternative solution. In a
range of drives with a CP/CT ratio bigger than 2, an induction motor, a classical synchronous
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motor, and switched reluctance motor can be applied [2, 3, 8—10]. The CP/CT range of work
is also essential in the case of light vehicles [11], starter-generator systems [12], or even, e.g.
bicycles [13, 14]. The CP/CT ratio depends on the machine type and varies from 1 (brushless DC
motor — BLDCM) to 5 (induction motor — IM) [15]. It is also possible to extend the CP range
of the BLDCM by modifying the design. Nevertheless, the cost of production of these motors is
increasing. The cheapest and easiest solution that we can use in the drive system is a switched
reluctance motor. Its typical CP/CT ratio is approximately 3 and depends on the number of phases
and construction parameters (width of the stator and rotor poles) [16]. Using wider stator and
rotor poles is beneficial for decreasing the electromagnetic torque ripple. At the same time, it
decreases the CP/CT ratio. In practice, it is essential to achieve a trade-off between the CP/CT
ratio and the value of electromagnetic torque ripple.

The typical CP/CT ratio equal to 3 is a satisfactory value. These values are obtained by using
the classical control method of a switched reluctance motor. In a classical single-pulse control,
zero initial conditions for the phase current are assumed. Thus, the control parameters are limited.

In the literature, the analysis of an operation of the switched reluctance motor with nonzero
initial conditions is presented [16—21]. This is the so-called continuous conduction mode (CC).
The authors of [17-21] indicate that constant conduction can be used in the range of constant
power. The CP range can be extended by utilizing a continuous conduction mode.

In this paper, an analysis of the operation of the switched reluctance motor in an extended
constant power range is presented. To obtain the output power in continuous conduction mode,
the turn-on angle, turn-off angle, and reference current control are proposed. According to the
authors, a change in the control algorithm within a constant conduction range allows one to
achieve very effective motor operation. Maintaining the preset output power in the CC range can
be achieved by controlling the maximum value of the phase current in the current control range
with the minimization of the number of switching events of the current regulator. The salient
rotor poles construction forces air flow. Thus, the rotor acts as an internal fan. During work in a
range of constant power (high speed), the cooling of the stator winding is more effective. On the
other hand, salient pole rotor construction increases windage loss. Under laboratory conditions,
a motor test was performed in a range of continuous conduction.

2. Analyzed design

The object of the study was a four-phase switched reluctance motor 8/6. This is a commercial
construction. In Fig. 1, a view of the motor and simplified cross-section of the stator and the rotor.

In Table 1, the selected nominal parameters of the analyzed construction are presented.

The static characteristics of the electromagnetic torque T, = f(6) is presented in Fig. 2. In
laboratory conditions, the value of the phase current has been changed to 80 A, with the level of
value being 10 A. Laboratory tests have been done only for three current values, i.e. I = 10 A,
20 A and 30 A.

Satisfactory compatibility of numerical calculations and the laboratory test has been achieved.
Some difference is visible with the rotor position angle above 20°. In laboratory conditions, a
lower value of the manufactured electromagnetic torque occurred. The reason is the greater state
of stator electromagnetic circuit saturation.
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(b)

Fig. 1. Analyzed construction view (a); geometrical cross-section of the stator and the rotor (b)

Table 1. Selected nominal parameters analysis of SRM 8/6

Parameter Value Unit
Nominal voltage Ug 24 \"
Nominal power Py 750 w
Nominal speed ny 3000 rpm
Locked rotor torque T 13 N-m
Number of stator poles N 8 -
Number of rotor poles N, 6 -
Stator pole arc Sy 19 °
Rotor pole arc S, 20 °
Maximum DC current /¢ max 150 A
Maximum efficiency 7max 80 %o
Maximum speed 7nmax 4000 rpm

1 —I=10A

—I=20 A
1=30 A

=

—I=40A

12 —=50A
1=60 A
10~ —E70A
—I=80 A
——test /=10 A
test 1=20 A

——test /=30 A

Electromagnetic torque T, [N-m]

Rotor position 6 [°]

Fig. 2. Electromagnetic torque vs. rotor position at / = var
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The torque vs. speed characteristics of the analyzed design is presented in Fig. 3 (designated
by the manufacturer).
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Fig. 3. Mechanical characteristics of the analyzed construction

The range of constant torque in the tested motor occurs at a speed of about 650 rpm. Above
that speed, the motor works with constant power. The range of CP/CT for the factory regulator
is above 6. In a laboratory system, the maximum phase current value was limited to 75 A. The
manufacturer limited the maximum motor speed to 4 000 rpm. In the authors opinion, factory
controller software limits do not allow the motor output power to be increased over 3 000 rpm. It
is possible not only to increase the output power but also to extend the range of work to constant
power (CP) by modification of the control algorithm.

3. Control focused on overlong range of constant power

In a typical control for a switched reluctance motor, it is assumed that the initial current is
equal to zero (before the next electric period). This means that the motor phase is in a current-less
state. In Fig. 4, the theoretical self-inductance and current waveforms (single-pulse control) are
presented.
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Fig. 4. Idealized self-inductance Lpp, flux linkage y/pp, and phase current ip, vs the rotor position for single
pulse control
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The angle at which the current decay occurs is marked as O, the turn-on angle as 6y, turn-off
angle 6,g, conduction angle Afgwelr, and decay angle Afg,. The minimum inductance occurs at
the angle 6,,, while the maximum inductance occurs at the angle 6,. The angle 8;, is defined as
the first edge position. It is determined from the dependence [16]:

_ 180 (Bs+Br)
= Tr - T .

With the angle 6}, in the range of single-pulse control, the current reaches the maximum value
Iphmax (When forcing the excitation which is using in the range of CP work).

For single-pulse control, the current decreases to zero before the next turn on of a given strand
(Fig. 4). Fulfillment of this condition is synonymous to zero initial conditions for the phase current
for the next electrical cycle and allows implementation of a control strategy focused on efficiency
optimization. The range of constant power control depends on the geometric dimensions of the
stator and rotor poles. A wider range of constant power is obtained for smaller values of the
stator and rotor pole arcs. However, this causes an increase in the electromagnetic torque ripple.
Increasing the pole arc of the stator and the rotor pole reduces electromagnetic torque ripple. It
must be understood that the influence of the arc of the stator and the rotor pole is important for
the range of work with constant power. The stator and rotor poles arc influences on the value of
angle 6, (equation (1)). Decreasing the angle 6;, value affects the range of work with constant
power (CP).

The nonzero initial conditions for the phase currents have an important effect on the output
power possible. In Fig. 5, idealized waveforms for the continuous conduction state are presented.
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Fig. 5. Idealized self-inductance, flux linkage and phase current vs the rotor position for continuous
conduction

The motor control algorithm must limit the dwell angle for continuous conduction. The
theoretical value of the dwell angle defines the geometry of the motor (omitting copper loss and
converter loss):

180
2
In fact, the maximum value of the dwell angle depends on the voltage drop Au. (on the winding
resistance and transistors) and diodes Au_.

ABawen_r =
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The approximate maximum dwell angle value determines the equation (omitting the influence
of the winding temperature and power electronic devices) [16]:

1+Au_

2—Auy +Au_’ )

Abdwell_max = ABdwell_
For the control strategy, a limited dwell angle value is important. A control algorithm fo-
cused on an increase of output power must take into account the dwell angle value greater than
Aedwell_ max-
The turn on angle 6, required to obtain the maximum current value Iphmax can be approxi-
mately calculated with the equation [16]:

1.
Oon = Op — Ly 22 )
Udc

where w is the angular rotor speed.

Equation (3) allows us to estimate the value of the turn-on angle in the range of single-pulse
control. In the range of continuous conduction, the turn on angle value depends on the maximum
phase current value and the dwell angle value because of the nonzero initial conditions.

The output power can be controlled by changing the reference maximum phase current /ph max.-
To control the maximum phase current value, a hysteresis controller could be used. To provide
a high efficiency of energy conversion, it is advisable to minimize the switching events of the
current controller. In that case, the smallest RMS of the phase current is obtained.

4. The results of numerical calculation
Calculations were performed on the basis of the numerical model. In Fig. 6, the process of

the motor entering into a state of continuous conduction (flux linkage vs current) with speed
3000 rpm.

Flux linkage [Vs]

0 10 20 30 40 50 60 70
Current [A]

Fig. 6. Flux linkage vs current (based on flux characteristics)

In a state of continuous conduction, the phase current can reach much greater maximum
values. This causes a much larger energy flow. It consequently results in the growth of generated
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electromagnetic torque and output power. Control of the maximum current value is important not
only for the regulation of the output power value. The lack of control of the maximum current
value can provide an excessive increase in output power. In Fig. 7 the calculated electromagnetic
torque 7, (Fig. 7(a)) and the output power (Fig. 7(b)) vs. the rotational speed are presented.
In the calculations, we assumed that the current controller limited the maximum phase current
value Ipp max.
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Fig. 7. Electromagnetic torque vs. speed (a); and output power vs. speed (b) at Iph max = var

Because of the simultaneous control of the angles and maximum phase current value, the
range of CP can be extended. The dependence between the output power and the maximum phase
current value is almost linear. In Fig. 8, the control angle vs. rotational speed characteristics is
presented.

In the range of CC angles, the angles change slightly. Increasing the maximum phase current
value from 35 A to 70 A forced an increase of the turn on angle to approximately 7° el. (1.17°
mech.). The dwell angle increased to approximately 6° el. (1° mech.). In a real system, this
requires the use of high-resolution encoders. The change in the turn-on and conduction angles in
a measure is dependent on the required maximal current value. This is connected to an owned
motor self-inductance profile.
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Fig. 8. Turn-on angle vs speed (a); and dwell angle vs speed (b) at Ip max = var

Widening the range of constant power using the CC method affects the increasing electro-
magnetic torque ripple in a negative way. Figure 9(a) shows an exemplary electromagnetic torque
vs. time in a range of constant conduction with Ipy max = 40 A with the minimalization of switch-
ing the regulator (Fig. 9(b)). In the numerical model, excitation of selected stator poles e.g.:
NSSSSNNN has been used (Fig. 1(b)). Figure 9(a) shows the components of the electromagnetic
torque. The waveforms of phase currents and corresponding them electromagnetic phase torques
have been determined in the absence of magnetic couplings (MCs).

The motor electromagnetic torque (Fig. 9(a)), despite the control symmetry and the numerical
model, is not a symmetrical course. It appears because in the range of CC, phase current flows
all the time, so the influence of magnetic coupling (MC) is much greater. This one affects the
increasing electromagnetic torque ripple. Widening the range of constant power by using the CC
method affects the increasing electromagnetic torque ripple in a negative way. Fig. 9(a) shows
an exemplary electromagnetic torque vs the rotor position in a range of constant conduction with
Iphmax = 40 A with the minimalization the switching phase current regulator (Fig. 9(b)). It causes
a decrease in the copper losses. Therefore, it allows increasing the efficiency of drive in the range
of CC.
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Fig. 9. Typical continuous conductions at 3 000 rpm waveform of electromagnetic torque (a);
waveforms of phase current (b)

The characteristics presented in Fig. 8 have been calculated without thermal limitations and
mechanical loss. In a real system, obtaining an output power above 750 W, e.g. with a speed
equal to 11000 rpm, should be treated as overload. In Fig. 10 an exemplary motor temperature
distribution with a speed equal to 11 000 rpm and Ihmax = 35 A is presented.

In the case of work with nominal power with a speed of 11000 rpm (Fig. 9), the maximal
temperature (equal to 147.17°C) has been obtained. It allows for the constant work of motor.
Worktime in the range of overload depends on the actual winding temperature. When a motor
works with nominal power, e.g. with a speed of 11000 rpm, the increase in output power is
possibly only possible for a few seconds. In Fig. 11 the winding temperature vs. time with a speed
equal to 11 000 rpm and current increases to Iphmax = 70 A is presented.

In the state of double overload, the maximal temperature of the stator is reached at about 32
seconds (Fig. 11). After that time, the motor load has to be reduced to a nominal value.
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Fig. 10. The temperature distribution with speed equals 11000 rpm and Jpp max = 35 A
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Fig. 11. The winding temperature vs. time with speed equal to 11 000 rpm and current increased
10 Iphmax =70 A

5. Laboratory tests

The tests were performed under laboratory conditions. For the selected control parameters,
torque vs. speed and overall efficiency characteristics were obtained. Current waveforms in the
range of continuous conduction were registered. In Fig. 12 a block diagram of the laboratory
stand is presented.

As aload, a Magtrol PB43 dynamometer was used. It can operate up to about 4 000 rpm. For
this reason, only a partial verification in the CP range was performed.
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Fig. 12. Block diagram of the measuring system

In Fig. 13 the current waveforms for a speed equal to 3 000 rpm are presented. Due to the
encoder resolution, the waveforms in Fig. 13 were designated with the same turn-off angle (120°).

The turn-on angle was changed every 3°. The results of numerical calculation have been placed
on Fig. 13 (for the same control conditions).
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Fig. 13. Exemplary current waveforms at a rotor speed of n = 3 000 rpm single pulse control
(Abgwell < Abgwell_max) (a); with a limit of single pulse control (Afgwel1 = Abgwell_max) (b);
and continuous conduction (Afgyer > ABdwell max) ()

Under laboratory tests, there are visible differences between different phase currents. These are
caused by technical differences and magnetic couplings between phases [18]. In the real system,
the electromagnetic torque ripple will be even greater than in the numerical tests (Fig. 9(a)). In
real system in individual currents waveforms they are much bigger differences between them.

The measured characteristics of load torque, output power, overall efficiency, and current
value vs. speed are presented in Figs. 14—18. The results of laboratory tests have been related to

selected numerical tests (at n = 1 800 rpm, 3 000 rpm and 4 000 rpm). The numerical tests have
been done for the same control parameters.
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Fig. 14. Torque load vs. speed — laboratory test

Laboratory tests carried out in a limited range confirm the possibility of an extension of the CP
range. Obtaining output power in a wide range of values is possible. The results of laboratory tests
confirmed that the CC control method is highly sensitive to the control parameters. In laboratory
conditions, some efficiency of drive system improvement (82% with 4 000 rpm) has been obtained
because of the nullify conduction angle maximal value limitation. Simultaneously the transition
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Fig. 16. Overall efficiency vs. speed — laboratory test
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Fig. 17. RMS current vs. speed — laboratory test

in CC state is not increasing in the drive system (Fig. 16). The results of laboratory tests indicate
that to maintain CC with the current amplitude value which is given enough output power is
acceptable (Fig. 18). It allows essentially increasing the range of rotation speed regulation. The
effective value (Fig. 17) and the amplitude (Fig. 18) of current with the CC control for the
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Fig. 18. Amplitude current vs. speed rotation — laboratory test

described parameters have been obtained at a practically constant level. This confirms the result
of the numerical test (Fig. 7(b)) in the range of ability of regulation the output power by the phase
current maximal control. Obtaining the nominal power or greater in the CP range with the CC
control causes a decrease of the efficiency of drive (Fig. 16). After adhibition of the motor in
CC state, the general efficiency of the drive will be insignificantly decreasing given output power
with increasing rotation speed. This especially applies to the situation when the motor works with
nominal power or in the range of overload. Adhibition of the drive system in the state of the CC
control overload is dependent on the limitations of the control method and coupling temperature
tolerance.

6. Conclusions

In this paper, an analysis of the proposed method of constant power range extension is
presented. Simultaneous control of the maximum current value, turn-on, and turn-off angle
allows one to maintain the reference output power values in a wide range of speed. The maximum
output power is limited by the maximum temperature of the stator winding and the power loss of
the drive system. Theoretically, if the power loss is omitted, it is possible to obtain a CP/CT ratio
equal to ten.

Laboratory tests confirmed an increase in the possible CP/CT ratio.

The CC control method is very sensitive to changing control parameters. In the range of
CC control, the range of changing turn-on angle and dwell angle is small. It is advisable to use
detection of the rotor position with higher resolution (minimum twice).

Widening the range of the CP/CT ratio causes an increase in the electromagnetic torque ripple
and declining efficiency. It is possible to obtain a short-lived increase of the output power in the
extensive range of rotation speed. Together with increasing the output power (especially above
the nominal value), ones will be increasing. Adhibition of the motor in the CC state causes a
decrease in the general efficiency of a drive system. For large values, the CP/CT ratio will be
decreasing. It is possible to obtain an increase in output power (twice-time load) in a very wide
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range of rotation speeds. However, this is connected with declining efficiency. Additionally, the
motor can work in this state for only a few seconds.
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