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Abstract—The precise control of switched reluctance
motor requires information about the magnetization surface
as a function of rotor angular position and current. The
surface can be obtained performing offline tests; however, it
demands specialized mechanical equipment and time for
commissioning. Moreover, the magnetization surface may be
changed with the varying of the rotor and stator
temperatures, which affect their dimensions and, therefore,
the airgap variation. That is why the online estimation of the
magnetization surface is desirable. This paper proposes the
identification method operating in parallel with the model
predictive current control system utilizing the magnetization
map. Any error between the referenced and obtained currents
is used to correct the reference points of the two-dimensional
array representing the magnetization surface. The proposed
method was examined using a simulation model and operated
online in parallel with the primary control system driving the
electrical machine.
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I. INTRODUCTION

Over the past three decades, switched reluctance motors
(SRM) have received much attention due to intensive
development of power electronics technology and IGBTSs
components in particular. In terms of 3D-printing, SRM is
considered as one of the best candidates to be the first
commercial 3D-printed machine [1] and modular designed
machine [2]-[5]. However, the electric drives based on
SRM demonstrate a considerably high level of noises,
vibrations, and torque ripples. The problem of torque
ripples affecting both noise and vibration has been
successfully solved using appropriate control techniques as
reported in [6]-[8]. The best results were obtained by
implementing the following two methods: (1) the direct
instantaneous torque control [9] and (2) the model
predictive control (MPC) [10], [11]. Both methods utilize a
magnetization map as a function of rotor angular position
and current or torque surface. The torque surface of the
SRM can be derived from the magnetization surface and
used for precise control.

The methods to obtain the magnetization surface of an
SRM using special test benches are called offline methods
[12], [13]. Other approaches, where the motor parameters
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are identified under normal SRM operation, are introduced
as online methods [14]. Offline methods are applied to
determine the magnetization map over the entire rotor
revolution, whereas online methods provide the data
correction within the drive operating region only. The
method reported in [14] records the voltage command data
and feedback data from current sensors to build up a
magnetization map. However, the sensed data always
contain noise and should be filtered.

Implementation of the continuous control set (CCS)
MPC of the switched reluctance drive using lookup tables
[15] of the magnetization surface required solution of two
problems. The first is the proper selection of representation
form for the magnetization surface. In general, the
magnetization surface has a high nonlinearity; it cannot be
expressed as a Fourier or Tailor series with a reasonable
number of coefficients to provide a desired accuracy [16].
Therefore, the best option is to use a lookup table with
some interpolation method for the estimation of flux
linkage between the table reference points. The lookup
table can be easily adjusted using experimental data,
whereas the online correction of Fourier or Tailor series
coefficients is a more sophisticated procedure.

The second problem is that the accuracy of current
stabilization strictly depends on the precision of the
magnetization map. This feature of the CCS MPC was
selected for analysis and development to use in the online
identification of the magnetization surface proposed in this
paper.

The proposed method operates in parallel with the CCS
MPC utilizing a magnetization map. Any error between the
referenced and obtained currents is processed to correct the
reference points in the two-dimensional array representing
the magnetization surface as a function of rotor angular
position and flowing current.

II. ConTINUOUS CONTROL SET MODEL PREDICTIVE
CONTROL FOR SRM

Each phase of SRM has described by the voltage
balance equation [17]:

dy .
— =v—iR, 1
” (1)

where v is the applied voltage, i is the flowing current, R is
the phase resistance, and y is the flux linkage of the
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Fig. 1. Single phase control diagram (VS—voltage sensor; CS-—current
Sensor).

winding. The motor phases are usually considered to be
independent, without or with very little magnetic coupling
between them [18]. Therefore, the magnetization map of
each phase depends on the flowing current and the current
rotor angular position.

Consider only one phase of the SRM, which is fed from
its asymmetrical bridge converter presented in Fig. 1. The
current regulation can be done using the magnetization
surface of each motor phase. At the machine rotation and
change of the current reference, the system should move
from one point of the magnetization surface to another.

At the end of the PWM cycle, the current has to be
measured, and the control system should process it. The
control system obtains information about the measured
current i[k] and the current rotor electrical position 8[k]. If
the motor electrical speed ® is known, then the rotor
position at the end of the next PWM cycle can be evaluated
by:

A

O[k+1]=0[k]+®-Tpy,,, ()

where Tpyyy is the duration of the PWM cycle.

If the torque reference T, is provided, then the current
reference for the next PWM cycle can be obtained from the
lookup table as:

irqf' [k + 1] = fcurrem reference (é[k + 1] s Tr‘/ )9 (3)

or derived directly from the speed controller if a more
simple control approach is employed.

Therefore, the control system has the value of the
flowing current, current rotor position, predicted rotor
position for the next PWM cycle, and the current reference,
which should be achieved by the current at the end of the
next PWM cycle. The system moves along the
magnetization surface of the motor phase form point & to
point k£ + 1 as shown in Fig. 2.

For both points the flux linkage can be estimated as:
\II [k] = fmagnetization surface (e [k] s l [k]) 5

\Tj [k + 1] = fmagnetizalion surface (é [k + 1] 7ire/' [k + 1])

All these data can be used to solve in order to find the
voltage command:
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Fig. 2. Transient during a single PWM cycle.
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The voltage command depends on the difference
between next and current flux linkage estimations taking
into account the voltage drop across the phase resistance by
the average current which 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 vp:

Y=— (6)
which should be limited in the range of [-1; +1].

III. PROCEDURE FOR ONLINE IDENTIFICATION OF THE
MAGNETIZATION SURFACE

During the operation, the considered above CCS MPC
is stabilizing the current reference with some error, which
depends on the accuracy of magnetization map
representation. If the magnetization surface defined in the
lookup table is allocated lower than the actual surface of
the motor, then the current will not reach its reference as
shown in Fig. 3a. If the magnetization map is defined
precisely, then the current follows the reference (see
Fig. 3b).

The correction of the magnetization surface reference
points can be processed with respect to the error between
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Fig. 3. Operation of the CCS MPC with error in the magnetization surface
representation (a) and without (b): blue—current reference; red—flowing
current.



referenced and obtained currents. If the obtained current is
smaller than the reference, it means that the actual flux
linkage at this point of magnetization map is bigger than
the value stored in the lookup table.

The correction should be applied for the nearest
reference point of the two-dimensional array if the distance
is less than one half of the distance between reference
points. This ensures that only one reference point will be
affected. For stability reasons, this distance can be reduced
even more. The square of the distances to the reference
points can be evaluated as follows:

N N N
d2 = —e——e | —i, |——i |
o (_27[ - j _Imwc "ef_ Ima\f o
- 2
d}, = Nol- Ne + ﬁ' —ii,,d ;
| 27 | Loos Lo
[N N N N 2 (O
di=||—6 ——e +| | =iy |- —— ;
0 [2T[ j 1 f_ lmax ”ef
_ - 2
N Y N
diy=||—6 ~ Ny ey |l | s
27[ 27[ Ima\f Imax )

where LxJ is the floor function, |_x-| is the ceil function, N
is the number of reference points in the array, I, is the
maximum current of the motor, 0 is the rotor angular
position, i, is the referenced current, and the distances are
defined as shown in Fig. 4. The squares are used to avoid
evaluation of the square root, which is usually a time-
consuming computational procedure.

If the square of the distance is smaller than some
specified value, for example, 0.25, then the corresponding
reference point in the magnetization surface array should be
corrected with respect to the error in the current:

£ (dd < 0.25) then
WL_JZIGJ o - W%GJ T i | k(i ~1);
f (dl < 0 é’zgx) then max
(I EW R ER L
i <025 T ®)
if (d) <0.25) then
W%SJ%’W? i W%GLN - k(i ~1);
f (d121 < 0.25X) then max
W{Z_I\:rew-[li,gf_ - \VL_ALGTIL%%' +k(irqf' —i),

where £ is the coefficient of the filter time constant.

III. SIMULATION RESULTS

A. Simulation Model Configuration

There are various approaches to building a model of
switched reluctance machines (SRM). One of the most
convenient options for simulation is to use a linearized
magnetization profile [19] shown in Fig. 5, which allows to
make a fast simulation with simple equations for the torque
estimation. It was assumed that the phase inductance
changes according to the following equation:

L=1L, —ALcos0, )

where L, is the average inductance, AL is the half
difference between maximum and minimum inductances,
and 0 is the rotor electrical angular position.

The flux linkage of each phase can be derived from (1)
after representing it using Euler integration method as:

Vi =V +(v—iR)h, (10)

where y; and y,_; are the new and previous flux linkages of
the motor model respectively, and % is the integration step
size.

The power converter shown in Fig. 1 can produce only
positive current in any phase. It should be checked in the
model in case of zero or negative voltage applied if the flux
linkage value in the model becomes negative:

_ Yi> Vi 20;
“70,y, <0. (1)

The estimated flux linkage is applied to evaluate the
value of the current flowing in the phase winding using the
desaturated inductance value for that particular rotor
position according to (9):

=¥ (12)
L

This current can be lower or larger than the value of the
saturation current. If the value is lower, then the motor
operates in a linear region and no correction is required. If
it is larger, then the machine is in the saturation, and the
actual value of the phase current should be evaluated by:

. \V_L'[sa
i= sat+Tt (13)
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Fig. 5. Linearized magnetization profile of SRM.



instead of (12), where I, is the saturation current, and L,,;,
is the minimum inductance of the winding. If the flowing
current is less than the saturation current value, then the
torque equation of a single phase is:

2 dL(0) 2 d(L, —ALcosO
_idL(®) i d(L, ) ALz oo 14)
2 do 2 do 2
Evaluation of the torque above the saturation current
can be determined with the help of co-energy, which is be
defined as follows:

2
W'(i,0) =(L,, — ALcos0) Lo, L (i—1g) |+

2 (15)
+Lmin1xat (l - [s‘at )

Then torque can be evaluated as:

I oW'(i,0)
00

2
:(Im,i—?‘”JALsinG. (16)

B. Simulation Model Parameters and Results

The current reference for each phase was set to some
regulated value i This reference was applied between
some turn-on and cut-off angles 0.35 and 2.7 radians,
respectively. Initially, the aligned motor inductance was
taken smaller than in the controlled machine as shown in
Table 1. Motor was rotating at the constant speed.

For the first start of the motor, the difference in the
magnetization surface parameters between the motor model
and control system model results in the current following
error as shown in Fig. 3a. However, after some time, the
online identification procedure corrects the reference points
in the flux linkage array, producing current follow the
reference as shown in Fig. 3b. The magnetization surface
for that current reference was partially adjusted as shown in
Fig. 6a. By changing the current reference, more points of
the magnetization map were adjusted as shown in Fig. 6b.

These results show that for precise estimation of the
SRM magnetization surface, it is required to apply all
variety of possible current references. The proposed
solution adjusts the magnetization surface partially and
needs to adapt for the particular operating conditions.

TABLE I. SRD PARAMETERS.

Parameter Value Units
Misaligned motor inductance 10.0 mH
Aligned motor inductance 100.0 mH
Saturation current 20 A
Phase resistance 0.05 Ohm
Pole pairs 4 -
Maximum phase current limit 100
DC link voltage 600
PWM frequency 2.0 kHz
Electrical angular velocity 598 rad/s
Turn-on angle 0.35 rad
Cut-off angle 2.7 rad
Egifgglg:§ieﬁitia] motor inductance in the 10.0 mH
Aligned initial motor inductance in the 71.0 mH
control system
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Fig. 6. Adjustment of the magnetization surface by the proposed online
identification procedure: (a) after the operation with the constant current
reference; (b) after the longer operation with various current references.

V. CONCLUSION

The proposed online identification procedure estimates
the magnetization surface in the range of operating currents
and commutation angles of the SRM. It employs the first-
order filtering to exclude measurement error impact and to
increase the stability of the control system. This
identification method can be run in parallel with the control
system correcting, for example, airgap change caused by
the difference in the stator and rotor temperatures.

The future research will be devoted to experimental
verification of the proposed solution.
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