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Abstract: A problem of the switched reluctance drive is its natural torque pulsations, which are
partially solved with finite control set model predictive control strategies. However, the continuous
control set model predictive control, required for precise torque stabilization and predictable power
converter behavior, needs sufficient computation resources, thus limiting its practical implementation.
The proposed model predictive control strategy utilizes offline processing of the magnetization
surface of the switched reluctance motor. This helps to obtain precalculated current references for
each torque command and rotor angular position in the offline mode. In online mode, the model
predictive control strategy implements the current commands using the magnetization surface for fast
evaluation of the required voltage command for the power converter. The proposed strategy needs
only two lookup table operations requiring very small computation time, making instant execution of
the whole control system possible and thereby minimizing the control delay. The proposed solution
was examined using a simulation model, which showed precise and rapid torque stabilization below
rated speed.

Keywords: switched reluctance motor drive; model predictive control; continuous control set;
pulse-width modulation; magnetization surface; electrical drive

1. Introduction

Switched reluctance drives (SRDs) have attracted a significant amount of attention in recent
decades as the most promising type of electric drive. With the spread of 3D-printing technologies,
this drive is one of the best candidates to become the first commercial 3D-printed machine [1] and
modular designed machine [2]. Being very simple, the machine requires a sophisticated control
strategy, which currently has no general approach, unlike the field-oriented control (FOC) or direct
torque control (DTC) used in AC electric drives. Many papers have considered the mitigation of torque
ripple by adjustment of the commutation angles [3-5] and current profiles [6,7], or optimization of
the motor magnetic geometry [8]. However, solutions suggested in [3-5] help in the limited range
of speeds as the current slope varies with the speed also affecting the produced torque. Current
profiling suggested in [6,7] cannot be applied to each particular motor without hand tuning in all
operation modes. In addition, optimization of the magnetic geometry for torque ripple minimization [8]
contradicts the goal of efficiency optimization of the electrical machine.
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The approach with model predictive control using a finite control set (FCS) was suggested
in [9] to help decrease torque ripple and make the control strategy applicable for any motor. It was
improved in [10] by decreasing the losses in the motor and in [11] by achieving equal distribution of
the temperatures of the power converter’s IGBT-modules. These approaches utilize the magnetization
surface of the switched reluctance motor for torque estimation while selecting the best control command.
These systems stabilize the output torque by profiling the phase current shape, not only with respect
to the commanded torque, but also minimizing ohmic losses. The disadvantage of the finite control
set model predictive control is the random switching rate and the error in the commanded torque or
speed if a short prediction horizon is used. Continuous control set (CCS) model predictive control
solves the voltage equations to obtain the references to the inverter, but this approach is problematic
for a switched reluctance machine (SRM) due to the high nonlinearity of the controlled plant as the
motor inductance varies with current and the power converter frequently saturates.

During analysis of the model predictive control (MPC) operation it was noticed that, for each
electrical revolution for the same torque command, the current references repeat. The cost function,
which considers the difference between the commanded and predicted torque, and minimizes ohmic
losses, gives the predefined shape of the current references with respect to the rotor position. Together
with the magnetization surface of each phase, this can be used to evaluate the desired voltage command,
which adjusts the state variables of the drive to follow the references. Compared to the existing
methods, the proposed solution uses information about the magnetization map of the machine to
obtain the current references for the demanded torque, and then evaluates voltage references using the
magnetization surface. The control strategy uses only lookup table operations, which allows evaluation
of the voltage command nearly instantly, thus requiring very small computation efforts.

2. Switched Reluctance Drive Model

2.1. Drive Topology

The switched reluctance drive can have a varying number of phases and its power converter
topology can vary. The most common configuration of the drive is shown in Figure 1. The stator of
the motor contains three phases with concentrated windings located at six stator teeth. The rotor has
four teeth, and the electromechanical reduction ratio is 4. The power converter is represented by three
asymmetrical H-bridges, which feed the motor phases with unipolar current.
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Figure 1. Switched reluctance drive topology.
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2.2. Motor Equations

Each phase has its voltage balance equation [10]:

dyp

&Y LR 1
3~ R 1)

where v is the applied voltage, i is the flowing current, R is the phase resistance, and 1 is the flux
linkage of the winding.

The magnetic system of an SRM is highly non-linear, which is usually defined by means of
a magnetization surface/map or flux linkage map. For AC machines these maps can be identified online
using a testbench that consists of the motor under test and a prime mover motor [12]. This testbench
can realize all possible operation conditions and uses high-frequency injection to estimate differential
inductance maps in order to build flux linkage maps. Such a method is applicable for SRMs; however,
other methods are more popular due to the specific nature of this machine.

The motor phases of an SRM are usually considered to be independent without, or with very little,
magnetic coupling between them [11]. Therefore, the magnetization surface of each phase depends
on its flowing current and current rotor angular position as shown in Figure 2. The magnetization
map of an SRM can be obtained experimentally [12,13]. Paper [12] provides a thorough description
of experimental setups for making flux linkage maps. In [13], authors represent two methods of flux
linkage map measurement based on the example of a four-phase SRM. The first method utilized a
testbench with a mechanical rotor locking device and measured current and voltage. The flux linkage
was calculated offline using experimental data. The second method was an online method. It did not
require a rotor locking device, and online data from current and voltages sensors were used to evaluate
the magnetization map when the SRM was running in a normal operation mode. For the considered
solution, the offline method is preferable, as the online method provides an incomplete data set limited
by the operation conditions of the drive, which makes estimation of the torque surface impossible.

100

Figure 2. Magnetization surface of the switched reluctance motor (SRM).
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The torque of the phase at the electrical speed can be defined as a function of the phase energy:

alfbi(mb,e)dxb
T=-— J0 ’ @
or co-energy:
P) f (i, 0)di
T=——s—, 6)

where 0 is the electrical rotor angular position.
The total torque of the machine is the sum of the torques produced by each phase. For a considered
motor with number of phases N equal to 3, the torque equation can be written as follows:

N
T:ZTn:Tl—f—Tz—i—Tg,. )

n=1
2.3. Power Converter

Each phase of the motor is connected to the asymmetrical bridge as shown in Figure 1. The phase
current can only flow in one direction, which is considered to be the positive direction. It is possible to
apply a positive voltage of the DC link by switching on both switches in the bridge, zero voltage by
switching on only one of the switches, and negative voltage by switching off both switches. In the last
case the phase current flows through freewheeling diodes, and the negative voltage is applied only
while the flowing current is bigger than zero.

3. Continuous Control Set Model Predictive Control for SRD

The FCS MPC, which is taken as the reference, was proposed in [10]. The MPC algorithm checked
27 possible states of the power converter and estimated the behaviors of the phase currents and
torque for each case. The cost function was developed to keep total torque closer to the reference with
minimum ohmic losses in the phase windings.

As a result, for the infinite switching rate, the current shape was profiled to achieve nearly constant
torque as shown in Figure 3a. The waveform of the phase current contains the period of growing
current, when the phase operates together with the previously on phase, which is reaching the point of
maximum inductance (aligned position). When the previous phase reaches the aligned position, it is
not desirable to keep current in it anymore as it does not produce positive torque. So, the previously on
phase turns off, and all the torque, produced by the motor, is delivered to the shaft by a single phase at
its second time interval. The current is regulated according to the magnetization surface of the motor
to produce the commanded torque. Then, the inductance of this phase reaches its maximum value.
Its current is reduced, and the next phase is switched on.

This current waveform is repeated each revolution; therefore, it is possible to evaluate it in advance
(offline) for each torque reference.

Having variable rotor angular positions and torque references, the solution for each phase current
can be represented as a function of these two variables. This function is easy to implement using a
lookup table. An example of the current reference surface for phase A is shown in Figure 3b.

The current regulation can be performed using the magnetization surface of the motor phase.
With the rotation of the machine and change of the current reference, the system should move from
one point of the surface to another.

At the end of the pulse-width modulation (PWM) cycle, the current is to be measured and the
control system should be executed. The control system has information about the measured current
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i[k] (see Figure 4) and current rotor electrical position 6[k]. Knowing the motor speed w, the rotor
position in the end of the next PWM cycle can be evaluated by:

Ok +1] = O[k] + @ - Trwm, (5)

where Tpyy is the duration of the PWM cycle.
Knowing the torque reference T, the current reference for the next PWM cycle can be evaluated
from the lookup table as:
iref [k + 1] = currentreference(é[k + 1]/ Tref)‘ (6)

Thus, the control system knows the phase currents and current rotor position, and current
references and predicted rotor position for the next PWM cycle. The system moves along the
magnetization surface of the motor phase from point k to point k + 1 as shown in Figure 4.
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Figure 3. Current waveform for constant torque operation (a) and the phase A current reference surface
example (b).
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Figure 4. Transient during a single pulse-width modulation (PWM) cycle.

For both points the flux linkage can be estimated as:

11’ [k] = fmagnetization surface (e [k]/ 1[k] )} @)
w[k + 1] = fmagnetization surface(e[k + 1]! Ire f )
These data can now be used to solve Equation (1) in order to find the voltage command:
1 1 ‘[kH' .re
Gk +1] =Gk - =R Towm
Uref - 7 (8)

Trwm

which depends on the difference between the next and current flux linkage estimations taking into
account the voltage drop across the phase resistance by the average current that will flow in the
winding during the next PWM cycle.

The duty cycle for the asymmetrical bridge control can be evaluated using the voltage command

and the current DC link voltage vpc:
v
y = ref ©)

7
UpcC

which should be limited in the range of [-1; +1], where +1 corresponds to fully on switches and —1
corresponds to fully off.

4. Control System Implementation

4.1. Evaluation of the Magnetization Surface and Torque Surface as the Functions of Phase Current and Rotor
Angular Position

The surface from Figure 2 should be represented by an array of N-N points. As the resulting array
lies in the memory of the control system (microcontroller or field-programmable gate array (FPGA),
the number of points N should be selected taking into account this constraint as well as the accuracy
of the surface representation. If the number of points is sufficiently large, it is possible to use simple
bilinear interpolation or fetch the nearest value for fast evaluation of the control Equation (7). The array
of 100 points in both dimensions requires 10,000 words of memory for surface representation, which is
suitable for most modern microcontroller devices. This representation is convenient if the online
estimation of the flux linkages is running in parallel with the control system adjusting the reference
points in the magnetization map [14].

Having a magnetization surface representation, it is possible to obtain the torque surface, which can
be also represented as an array of N-N points. The torque can be evaluated as the derivative of the
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co-energy with respect to the angle. The co-energy integral can be expressed with series for numerical
evaluation using Tustin’s method as:

i N,
AW/(iNi,eNg): fll)(ifeNe)di“ Z(lb[ni—l,Ne;-Hb[ni,Ne} ’ (10)
0

7’l,‘22

where iy, and Oy, are the current and angle of N;- and Ng-points in the magnetization surface table,
respectively. Each point on the surface can be evaluated as a difference between co-energies in a
one-step clockwise direction from the current rotor angular position and a one-step counterclockwise
direction divided by the angle difference using the following equation:

T[N;,Ne] = % y
niZ:iz((w [n;-1Ng +1]2+1b[n,-,N6 +1] ) Im% )_ni:il((xp [n;-1Ng —1]2+1b[n,-,Ne -1] ) Im% ) (11)
- eF) '
which can be simplified as:
N;
T[N, No] = Igjj - ), (Wlni = 1,No +1] 4 [, No +1] = bln; = 1,No = 1] =h[n;, No = 1]).  (12)
n;=2

4.2. Evaluation of the Current Reference Surface

The referenced torque can be produced by an infinite number of combinations of the phase
currents. If minimum ohmic losses are desired, then there is a single solution for a given torque
reference and angular position. Thus, the goal is to evaluate the current reference for each phase as a
function of the torque reference and the rotor angular position.

For the three-phase SRM, there are angular positions when only one phase can produce a positive
torque, or positions when two phases can produce it. Consider the situation for two phases generating
positive torque.

For the used linear model of the motor, it is possible to find an analytical solution for the optimal
current references, but this model is used only to simplify the simulation model. In the general case,
the magnetization surface has high nonlinearity, and cannot be represented as a Fourier or Taylor series
with a reasonable number of coefficients for desired accuracy [15]. Thus, the best option is to use a
lookup table for the current reference surface as well as for the torque and flux linkage surfaces.

Consider some small positive angle (point O in Figure 3a) where the positive torque can be
produced by phases A and C. Set the initial phase A and C currents to zero. The phase C current can
be adjusted by integral torque controller, which has some gain k as shown in Figure 5a. The integral
torque controller regulates the phase C current until the error in the torque reaches the permitted
tolerance. Thereafter, the phase A current starts to increase (see Figure 5b). The torque controller
maintains its operation, continuously time varying the phase C current and keeping the total torque
from both phases A and C close to the reference.

From the moment when the phase A current starts to grow, the system begins to track the minimum
total current as it determines the ohmic losses in the motor windings. In the end of the transient from
Figure 5b, the outputs hold the most efficient references of the phase currents i ,,r and i, which can
be used as points on the current reference surfaces for each phase as shown in Figure 3b.

A similar approach can be used for the angles when the positive torque is generated by one phase
only. The only difference is that the search for minimal loss points is no longer needed due to the fact
that total torque is produced by a single phase, and there is no extra degree of freedom.
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Figure 5. Evaluation of the current references for the given torque command: (a) block diagram,
(b) transient during optimal reference evaluation.

4.3. Control System Flowchart

The control system is divided into an offline time-consuming algorithm placed into the initialization
stage, as shown in Figure 6a, and a real-time control interrupt (see Figure 6b), which implements the
proposed model predictive control strategy.

First, for the given representation of the magnetization surface, the initialization procedure
evaluates the flux linkage surface for the desired resolution of the two-dimensional array, for example,
100-100 points. Next, these data are used to evaluate the torque surface using Equation (12). Finally,
the most time-consuming algorithm is executed, which evaluates current references with respect to the
range of all possible torque commands and angles using the iterative algorithm shown in Figure 5.
Thereafter, the control system can start operation and rotate the machine.
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The interrupt routine, which is shown in Figure 6b, should be executed at the end of the PWM
cycle. The control system reads the feedback from the current, voltage, and position sensors inside
this interrupt. At first, it uses the current reference surface to obtain current references for the next
computed rotor angular position using Equation (5). Then, it obtains flux linkages for the current and
next referenced steps from the magnetization surface. Finally, the voltage command and the duty
cycles are evaluated and applied as the references to the PWM generator just before the new PWM
cycle starts.

main.c pwminterrupt.c

Interrupt start

Evaluate W[Ive] Read ip, ig, ic, and
suriace Vpc from ADC
Evaluate T[i,0] ¢
surface Read Trer
v v _
Evaluate Obtain iaref, igref, ANd icref
ires[ T,0] surface from i T,0] surface
Interrupt Obtain waref, Waref, Weref,
enable Wa, Vg, and yc from
v y[i,0] surface
Background
loop Evaluate Varef, Varer, and
Vcrer according to (8)
End v
a) Evaluate y,, ys, and yc
according to (9)

v
Apply duty cycles
to PWM generator

b)

Figure 6. Flowchart of the control system: (a) initialization procedure and background loop, (b) interrupt
with MPC strategy.

5. Simulation Results

There are various approaches to building a model of SRM. One of the most convenient options is
to use a linearized magnetization profile [16], as shown in Figure 7, which allows fast simulation with
simple equations for torque estimation to be undertaken. Phase inductance below the saturation knee
was found from the following equation:

L =Lg —ALcos9, (13)

where L, is the average inductance, AL is the half-sum of maximum and minimum inductances,
and 0 is the rotor electrical angular position. When operating above saturation current is;; the phase
differential inductance becomes equal to the minimal inductance of the motor for a misaligned position
as assumed in Figure 7.
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Figure 7. Linearized magnetization profile of SRM model.

The Euler integration method was used to obtain flux linkage in each phase and the resulting
equation is given below:
Wlm] = blm=1] + (v—=iR)h, (14)

where {[m] and {[m — 1] are the new and previous flux linkages of the motor model, respectively,
and # is the integration step size.

The power converter, which contains an asymmetrical H-bridge, is depicted in Figure 1. It can
only produce a positive current in any phase, which should be taken into account in the model when
zero or negative voltage is applied to the winding. If the numerically integrated flux linkage value in
the model becomes negative, then it should be set to zero:

abr] = { J 40 (15

The value of the current in the phase winding was calculated in accordance with the estimated
flux linkage and the inductance value found from Equation (13):

= —. 1
i=7 (16)
If the evaluated current lies above the saturation knee, which can be checked by comparing it with
the saturation current, then Equation (13) is not applicable and the phase current should be evaluated
taking into account the differential inductance of the phase using the following equation:

1l)_L'isat

Lmin

i = ot + (17)
instead of Equation (16), where L,,;, is the minimum or differential inductance of the winding. If the
actual current is smaller than the saturation current value, then the torque of a single phase was
calculated using:

~ i2dL(6) 2 d(Lsw—ALcos0) ALiz

T72 do 2 dé

sin 0. (18)
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The torque in the operation point above the saturation knee, in addition, was evaluated using
co-energy, which can be expressed as:

i2
W’(i, e) = (Lav — AL cos 6)(% + Tat (Z - isat)] + Lminisat (1 - isut)- (19)
Then torque was found using;:
W GO (),
T= T‘l = (zsatz -5 AL sin 0. (20)

In this research, simulation was performed using C++ Builder. This tool was utilized in order
to produce code for a control system suitable for further implementation using a microcontroller.
The simulation was performed with the integration step size equal to 0.1 us. The parameters of the
drive are listed in Table 1. As the control strategy contains only lookup table operation, it was supposed
that the computation time is close to zero and that it is possible to evaluate the voltage commands for
the next PWM cycle immediately at the end of the current PWM period.

Table 1. Switched reluctance drive (SRD) parameters.

Parameter Value Units
Minimal inductance 10.0 mH
Maximum inductance 100.0 mH
Saturation current 20 A
Phase resistance 0.05 Ohm
Pole pairs 4 -
Maximum phase current limit 100 A
DC link voltage 600 A%
PWM frequency 2.0 kHz

The motor was running at 80 rad/s. The torque reference was changed during simulation as shown
in Figure 8a. Initially it was set to 30 Nm, then after 30 PWM cycles it was set to 10 Nm, and finally
to 45 Nm after 60 PWM cycles. The torque response transient time was strongly dependent on the
current inductance of the winding. For example, at the beginning of the simulation, the torque slope
was limited by the high unsaturated inductance of phase C. As the current reached the saturation knee,
the torque on the shaft started to grow more quickly. Then, inside the saturated region, the phase
currents and output torque were regulated more rapidly. At the end of commutation cycle of the phase,
the current reference varied faster than the minimum possible current slope due to the voltage limit.

The torque stabilization is sufficiently precise over the entire range of the loads. It has visible
deviations due to the PWM nature of the inverter, which can be minimized by increasing the PWM
frequency. The same load profile was applied to the motor operating at a higher speed equal to
480 rad/s (see Figure 8b). With the growth of the electrical speed, the voltage limit made stabilization
of the commanded current impossible. Therefore, torque pulsation appears. This behavior is natural
for switched reluctance drives [17,18] and can be slightly improved by adjusting the current reference
profile with respect to the voltage limit.
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Figure 8. Operation at constant electrical speed: (a) 80 rad/s—mostly absent of voltage constraints;
(b) 480 rad/s—operation with regular voltage constraints.
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6. Conclusions

Although the problem of precise torque control in switched reluctance motor drives was partially
solved by means of finite control set model predictive control, the drive still suffers from an unpredictable
switching rate and acoustic noise. The proposed solution implements a continuous control set MPC
controlling power converter using pulse-width modulation and requires small computation efforts.
It operates utilizing the assumption that optimal current reference profiles for each torque reference
and angular position can be evaluated offline from the magnetization surface of the electrical machine.
By knowing the current reference and magnetization surface, the voltage commands for the PWM-driven
inverter can be evaluated using simple lookup tables, which has the advantage of practically zero
computation delay and allows the calculation of the control law immediately at the end of each PWM
cycle before applying the new duty cycles for the next PWM period.

The proposed CCS MPC can be implemented using modern microcontrollers. It was verified by
a simulation model where accurate torque stabilization was achieved from zero to the rated speed.
The settling time was limited by the supply voltage and the phase inductance.

Future work will be devoted to the practical implementation and verification of the proposed
control strategy. In addition, it will address several questions that arose during this research.

Due to the current and torque slope limit when operating below the saturation knee, the proposed
current reference profile is not optimal in terms of settling time. Nonetheless, it provides good efficiency
of the motor and drive. Similar optimization of the current reference profiles is possible for operation
at high speeds considering the voltage limit.

The sensitivity of the method to the inaccuracies of the model should be investigated, as well
as the ability to use the current tracking error for identification of the rotor angular position for
encoderless control.
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Nomenclature

AC Alternating Current

ADC  Analog-to-Digital Converter
CCSs Continuous Control Set

CMPR Compare Period Register

DTC Direct Torque Control

FCS Finite Control Set

FOC Field-oriented Control

FPGA  Field-Programmable Gate Array
IGBT  Insulated-Gate Bipolar Transistor
MPC Model Predictive Control

PWM  Pulse-Width Modulation

QEP Quadrature Encoded Pulses
SRD Switched Reluctance Drive
SRM Switched Reluctance Machine
TPR Timer Period Register

VS Voltage Sensor
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