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Solenoid micro-inductor, fabricated by a three-wafer process, used to characterize alloys for use at megahertz frequencies,
as described in the paper “Characterization of Core Materials for Microscale Magnetic Components Operating in the
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Finite-Element Time-Step Simulation of the Switched Reluctance Machine
Drive Under Single Pulse Mode Operation

M. J. Kamper, S. W. Rasmeni, and R.-J. Wang

Department of Electrical and Electronic Engineering, University of Stellenbosch, Matieland 7602, South Africa

This paper proposes two distinct numerical simulation methods using finite-element time-step analysis for predicting the current wave-
form of a switched reluctance machine drive and explains them in detail. It evaluates and compares the methods in terms of waveform
results and simulation time, with the focus on only single pulse mode operation. The paper also reviews important factors that affect the
simulated current waveforms. It presents and compares measured and simulated multi-phase current waveforms of a 49 kW switched

reluctance machine drive under single pulse mode operation.

Index Terms—Finite element method, simulation, single pulse mode, switched reluctance machine.

1. INTRODUCTION

HE switched reluctance machine (SRM) has been a pop-
T ular option for high-speed operation due to its simple and
robust rotor construction. Under high-speed operation, the SRM
drive operates in the so-called single pulse mode. In this mode,
the drive’s power electronic converter (Fig. 1) is used to apply
positive dc bus voltage to the phase winding of the machine by
switching 1 and @5 on for the whole switched-on or excita-
tion time of the phase winding. During switching-off, both (4
and @), are switched off and the phase winding voltage becomes
momentarily negative to — V. as the phase winding demagne-
tizes through the freewheel diodes D; and Ds.

As a result of the above single pulse mode switching, the
phase winding current and the generated torque of the machines
are no longer under control and are determined purely by the
bus voltage, flux linkage, rotor position, and speed of the ma-
chine. It is thus important to predict accurately the phase cur-
rent and torque of the SRM when investigating the performance
and hence the design of the machine under single pulse mode
operation.

The conventional method of solving for the current and torque
of the SRM is first to obtain a complete set of flux linkage data of
the machine through measurements or finite-element (FE) anal-
ysis. This data is then used to solve for the phase winding current
by means of interpolating polynomials (curve fitting), lookup ta-
bles, and numerical methods, and to calculate the torque [1]-[5].
The advantage of this method is that the current and torque re-
sponse can be simulated quickly for all operating conditions of
the machine once the curve fitting and other derivations have
been done. The disadvantage of this method is that accurate sim-
ulation and torque calculation become more difficult to achieve
when two or more phases are active and there is mutual mag-
netic coupling between the phases. Moreover, for accurate sim-
ulation taking mutual coupling into account by this method, the
number of FE solutions required obtaining a complete set of flux

Digital Object Identifier 10.1109/TMAG.2007.892792
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Fig. 1. Per phase power circuit of SRM drive.

linkage data for all possible combinations of phase currents and
rotor positions become excessive.

The other method, called the coupled field-circuit method or
FE time-stepping method [6]-[13], uses the FE solution actively
in solving the circuit and mechanical state equations. Thus, this
method does not need a set of precalculated flux linkage data.
In [6] an inductance matrix as a function of position is deter-
mined and used in the partial differential state equation to solve
for the currents. Mutual coupling between the phase windings,
however, is not properly considered and the inductance ma-
trix is only determined at a certain load-level. In [8] an itera-
tive process, which includes mutual coupling, is used to solve
the terminal voltage state equation. The numerical convergence
process, however, is not explained and might be computation-
ally expensive. References [9] and [10] give simulation results
obtained from using commercial packages and the actual nu-
merical solution methods are not described. In [11] the circuit
and magnetic field variables, in a step forward, are solved simul-
taneously with the FE method. The rotor speed in this method is
constant and the mechanical system cannot be readily accounted
for. Furthermore, [11] does not give any detail regarding the
accuracy and computation time of their method in comparison
with others. There are also clear errors in the simulated current
and torque waveform results under single pulse mode operation.

In this paper, we present two methods that use separate mag-
netostatic FE field solutions in solving the circuit and mechan-
ical equations of the system. The two methods are improve-
ments of the methods of [6], [8] and take mutual coupling and
the state of the mechanical system into account. Important com-
putational aspects that affect the accuracy and computation time
of the FE simulation are shown for the first time.

0018-9464/$25.00 © 2007 IEEE
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Fig. 2. Cross section and finite element field solution of three-phase tapered
stator pole SRM at the unaligned (¢ = 0°) position.

TABLE I
MAIN DIMENSIONS AND RATED VALUES OF SRM

Stator stack outer diameter 340 mm
Stack axial length 175 mm
Rotor diameter 191.4 mm
Air gap length 0.62 mm
Phase resistance 0.13Q
Rated amplitude of phase current 108 A
Rated torque (average) 312 Nm
Rated power at 1500 r/min 49 kW

II. FINITE-ELEMENT MODEL OF SRM

The 2-D FE software used in the current waveform simula-
tion scheme is not of the commercial variety. It makes use of
triangular elements of the first order. Only half of the machine
is meshed. To enable free rotor movement, the air gap region
is not meshed. Instead, the air-gap macro-element proposed by
[14] is used comprising nodes on both sides of the air gap. To
minimize the calculation time the technique described in [15]
has been implemented with negative boundary conditions im-
posed. The inputs to the FE program are the phase current(s) ¢
and rotor position # of the machine. The FE program then uses
a nonlinear solution procedure to solve for the magnetic vector
potential at the different nodes. From the known nodal vector
potentials the flux linkage(s) A and torque 7" of the machine are
calculated. These two parameters (A and 7T') are the outputs of
the FE program, which are used by the simulation program to
predict the phase current(s) of the machine. Shown in Fig. 2 is
an example of a field plot resulting from the FE solution for a
conventional SRM [16]. The main dimensions and rated values
of the SRM are given in Table 1.

III. SIMULATION METHODS

Two different FE time-step simulation methods are proposed
and explained in this section. The methods are called the vector
direction method and the partial differential method.

3203
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Fig. 3. Simulation block diagram of SRM-system with one phase active.

A. Vector Direction Method

Ignoring friction, the following first-order differential equa-
tions describe the system

Cd)
v; = Rij + d—tf (D
dw
T-Ty=J— )
de
ar =Y S

where v;,%;, and ); are the voltage, current, and flux linkage,
respectively, of the jth phase of the SRM; T, T, J, w, and 6 are
respectively the machine torque, load torque, inertia, speed, and
rotor position of the machine-system. If only one phase of the
SRM is active, then these equations can be represented by the
simulation block diagram of Fig. 3. The inputs of the system
are the voltage (v = V. during switching on and v = —Vj.
during switching off under single pulse mode operation) and the
load torque. The outputs of the system are current, torque, and
speed. For the integrators of Fig. 3, the Euler integration is used
in the time-step simulation. Hence, the flux linkage and speed
derivatives are determined by approximation as

dy, AT =g @
at = At

dw w41 —wy

o~ 5
dt At ©)

where 7 is the time-step number; A,41 and w, 41 are the new
flux linkage and speed respectively at time-step n 4 1. Substi-
tuting (4) and (5) into (1) and (2) results in

N = (v — RiT) At + A} (6)
1
W+l = 5 (T, —T7) At + wy,. @)
The new rotor position is determined from the relation
Ont1 = wn At + 6,,. ®)

All system variables are known at time-step 7 so that the new
values of flux linkage, speed, and rotor position can immediately
be determined according to (6)—(8); note that the use of (6) is
one aspect that fundamentally distinguishes the vector direction
method from the method in [8]. What is unknown are the new
currents z'?“ and torque 7},41. The very heart of the vector di-
rection simulation method is functional block A of Fig. 3 where
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Fig. 4. Moving the flux linkage position vector A by moving the current posi-
tion vector I through vector direction Z.

flux linkage is converted to current. In functional block B cur-
rent is converted to torque. The functional blocks are described
in the following sections.

Current Calculation (Functional Block A): The generated
phase flux linkages in the machine is a nonlinear function of
the phase currents, that is

A= F(I) ©)

where A and I are column vectors

A1 1
Ao )
A=, I= (10)

and m the number of phases of the machine. What is known
is the new flux linkage vector A" and the old current vector
I™ (at time-step n); what is unknown is the new current vector
I°*1 that has to generate Antt according to (9). To solve for
the new currents, it is important to first rotate the rotor in the FE
analysis to its new position 6,41 calculated according to (8).
At this new rotor position and using an initial current position
vector I° = I" in the FE program, a flux linkage position vector
A? is calculated through FE analysis. Next, the current position
vector in the current space is moved in a vector direction Z from
its initial position vector I" to a new position vector I*, i.e.,

I"=1°+7Z. (11)
This will move the flux linkage position vector in the flux
linkage space from the initial position vector A° to a new
position vector A* that is at or close to the target flux linkage
position vector A**1 (see Fig. 4). If

e %

<& (12)
for each jth phase, where ¢ is a fractional tolerance in the flux
linkage value, then I**1 = I* If not, a next iteration with a
new current vector direction Z and I° = I* is executed.

To determine the current direction vector Z of (11) in a mu-
tually coupled magnetic circuit, the following differential equa-
tion at the position vector I° can be used:

dX° = LodI° (13)

IEEE TRANSACTIONS ON MAGNETICS, VOL. 43, NO. 7, JULY 2007

where dA° and dI° are differential flux linkage and current po-
sition vectors and L, is an inductance matrix given by

g axg A
e g dis,
axs  axg  axg
Lo — 919 913 919, ) (14)
oxe, Ao, . Ay,
dic  aig ais,

From (13), the current direction vector is determined as

Z = dI° = LA™ — X°l (15)

The elements of L, can be determined by using the forward
difference approximation

OX? A% (i2 + Ad) — X2 (i9)
J _ 27 7\ 1
9i¢ Ai (16)

and calculating the flux linkages of (16) through FE method;
note that m FE field solutions are required to determine L. In
(12) the fractional tolerance ¢ is set at ¢ = 0.01, i.e., if all the
flux linkages are within 1% of the target flux linkages, the cur-
rents are accepted as a solution. Our experience is that a second
iteration seldom occurs to solve for the currents if the time-step
is small.

Torque Calculation (Functional Block B): The inputs to func-
tional block B of Fig. 3 are the current, ¢ (determined by func-
tional block A), and the rotor position, 6, of the machine. With
these inputs known, functional block B calls the FE program to
accurately calculate the torque 7}, of the machine.

To solve for the current (functional block A in Fig. 3) and the
torque (functional block B) will require k(m + 1) FE solutions,
where k is the number of iterations needed to satisfy (12) [typ-
ically k = 1,2]. Thus, with say two phases active (m = 2), a
minimum of three FE field solutions per time-step will be re-
quired to solve the block diagram of Fig. 3.

It is important to note that the solved reluctivities of the non-
linear FE field solution of the previous iteration or time step are
used in the field solution of the next iteration and time step. This
saves a lot of simulation time as the previous reluctivity values
are already close to the next (new) reluctivity values.

B. Partial Differential Simulation Method

In the partial differential simulation method the new current
vector I**1 is predicted using an expanded form of (1). The flux
linkage is a function of ¢ and 6, and these are in turn functions
of time so that (1) can be expanded using the principle of super
position as

o\; diy ON: di;
c=Ri. 4+ 2oy 20T
vist Tt Tt
O dip,  ON; db
o, at Tagar 1
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For m phases, (17) can be expressed in matrix format at time
step n as

n

vV? =RI" + Lnﬂ + K,wy,

7 (18)

where R, a resistance scalar matrix, and K,,, a speed-voltage-
constant column matrix, are given by

R 0 - 0 oAy
26
0 R '0 (_) 2
R = 0 : Kyp=| % (19)
Do R 0 oxn
0 0 --- 0 R 90

and L,, is the inductance matrix given by (14). Using Euler’s
method with At the step size, the current vector direction is
determined from (18) as

di* = L' [V™ - RI" - K,w"]At

n

(20)

so that the new position vector current, I 1", is predicted by

I" + 1% = I* - dI"™. 21
For a better current prediction, however, the improved
Euler’s method (also called Heun’s method or second-order
Runge-Kutta method) is used. For this, d1™t" is determined
in the same way as in (20), but at a new speed, w” !, and new
rotor position, ™11, according to (7) and (8), so that the new
current vector, I"t1 | is determined by

dr” + drtt
s

| e & (22)
With the knowledge of the new currents and new rotor position,
the new motor torque, 77+ is determined by means of the FE
method. The elements of L;, are determined in the same way as
in (16). Also the elements of K, of (19) are determined by the
forward difference approximation as

0N} A(E" + A6) — X3(6")
6 A9 '

(23)

Note that [6] also makes use of the format of (17), but the
determination of the inductance matrix and the use of (18) are
completely different and more correct in this paper as saturation
and mutual coupling between the phases are taken into account.

Considering the number of FE solutions per time-step re-
quired for the partial differential simulation method, m + 1 FE
solutions are required to calculate L,, and K,, and hence dI,,
and I**1", For the improved Euler method one FE solution is
first required to determine A followed by m + 1 solutions
to calculate dI**1 and I*+1 of (22) [the idea of also using L,,

3205
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Fig. 5. Simulated current waveforms under SPMO with one-degree step size.

and K, to determine dI™*! to save m + 1 solutions cannot

work as matrix values rapidly vary with rotor position]. One FE
solution is required to calculate the new motor torque and new
flux linkage vector ARt Hence, a total of 2m + 4 FE solutions
are required per time step for this method. This number of so-
lutions seems to be considerably higher than in the case of the
vector direction method; it depends, however, very much on the
step size and accuracy of the simulation.

IV. SIMULATION RESULTS

To compare the two simulation methods, the single pulse
mode operation (SPMO) of the 49 kW SRM of Fig. 2 is simu-
lated by taking the speed, and hence the rotor position step size,
as constant. The speed is set at 1500 r/min and a dc bus voltage
of 500 V is used.

The FE time-step simulation results of the current waveforms
under SPMO are shown in Figs. 5-7. In Fig. 5 it is shown that
at zero degree rotor position, as shown in Fig. 2, phase c is
switched off and phase « is switched on. At 30° rotor position
phase a is switched off and phase b (not shown) is switched on.
The multiphase operation is clear from Fig. 5. The figure shows
that there is no difference in the simulation results of the two
methods for a one degree step size, but Fig. 6 shows that with a
five-degree step size the partial differential method has a larger
deviation. Fig. 7 confirms that the improved Euler method must
be used in the partial differential simulation method.

Three aspects that affect the current waveform simulation
under SPMO are investigated in the following sections. In this
investigation, only the vector direction method is used.

A. Effect of Mesh

For the FE modeling of the SRM, the mesh profile could have
significant influence on the accuracy of the field solution. To
investigate the effect of the mesh on the simulation result, the FE
models with different mesh densities as shown in Figs. 8 and 9
are used in the FE time step current waveform simulation. The
current waveform simulation results are compared in Fig. 10.
It is clear that the mesh profile has a substantial effect on the
simulation result, especially in the regions where the stator and
rotor poles overlap. Hence, the mesh profile must be considered
with care, specifically in the stator and rotor pole tip areas (see
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Fig. 6. Effect of five-degree step size on the simulated current waveforms under
SPMO. (a) Vector direction method. (b) Partial differential method.
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Fig. 7. Effect of Euler and improved Euler method on the simulated current
waveform (partial differential method).

Fig. 9) where the transition between high permeability (iron)
and low permeability (air) takes place.

B. Effect of BH-Data

The effect of the BH-data used in the FE solution on the sim-
ulation results is also investigated. Two BH-curves, resulting
from BH-data of two different steel materials, are shown in
Fig. 11. The effect of using these BH-curves in the FE anal-
ysis on the current waveform simulation results is clear from
Fig. 12. The effect is shown only when the rotor and the ac-
tive stator poles approach alignment that is in the region where
magnetic saturation occurs. This may be explained as follows:
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Fig. 11. BH-curves used in the FE analysis.

the flux density in the steel material with a higher permeability
is generally higher resulting in a higher flux and flux linkage in
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Fig. 13. Effect of switching delay of one degree on the simulated current
waveform.

the stator/rotor magnetic circuit. This will give rise to the flux
linkage variation with position, 9A/96, meaning a higher back
EMF induced voltage that will oppose [according to (17)] the
phase current, as observed in Fig. 12. Correct BH-data, hence,
must be used in FE time-step current waveform simulations.

C. Effect of Switching Delay

The effect of a delay of only one degree in the SPMO-
switching of a phase winding on the simulated current wave-
form is shown in Fig. 13. It is observed that such a small delay
has a drastic effect on the current waveform and hence the
torque of the machine. By delaying switching-on the amount
of overlapping between stator and rotor poles is increased
resulting in a higher phase inductance and higher back emf
induced voltage. This may explain the phase current reduc-
tion effect as observed in Fig. 13. The result emphasizes that
measurement of the phase current versus rotor position must
be carried out accurately; otherwise significant differences
between measured and calculated results will occur.

V. SIMULATION TIME

In Table II a summary is given of the number of solutions and
simulation time of the two proposed methods to complete a 60°
switching cycle under SPMO. A high-dense mesh was used in
both methods. The simulation was done on a 3 GHz Pentium
IV computer. It can be seen that the vector direction method
is fast compared to the partial differential method when small
step sizes are used, but equal in time when larger step sizes are
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TABLE II
NUMBER OF SOLUTIONS AND SIMULATION TIME OF TWO METHODS

Step size Number of FE  Average time per FE Simulation time
(degrees) solutions solution (s) (min)
Vector direction method
1 288 4.02 19.3
3 151 4.17 10.5
5 89 4.27 6.3
Partial differential method
1 476 3.47 27.5
3 160 3.84 10.25
94 3.99 6.25
100
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Fig. 14. Simulated and measured current waveforms of the SRM under SPMO.

used. The latter was expected as the vector direction method
with larger step sizes uses more iterations to find the correct
current vector.

The total simulation time is still relatively long, mainly due
to the high-dense mesh used, but is expected to reduce substan-
tially with the next generation of fast computers.

VI. SIMULATED AND MEASURED RESULTS

Measurements were taken of the phase current waveforms
of the 49 kW SRM of Fig. 2 with the system in the steady
state under SPMO and constant load torque. The measurements
were conducted at an average speed of 1572 r/min and a dc bus
voltage of 524 V. These conditions were set in the simulation of
the system. The volt drop across the semi-conductor switches is
accounted for in the simulation and the moment of inertia was
taken as 0.8 kg-m?. The speed variation was also simulated.

In the test, a three-phase IGBT converter with two transis-
tors per phase (shown in Fig. 1) is used to power the SRM. A
fix-point DSP controller (TMS320F240) is employed to con-
trol the switching of the transistors in SPMO via fiber optic ca-
bles. The rotor position feedback to DSP controller is generated
by a resolver. For the load of the SRM drive, an eddy current
dynamometer is used. The three phase currents were measured
with a Tektronix TDS 460A digital oscilloscope.

The measured and simulated results of the current waveforms
are shown in Fig. 14. The multiphase operation of the SRM is
clear from this figure. The comparison between measured and
simulated results is reasonably good if one considers e.g., the
effect the BH-curve has on the simulated current waveform (see
Fig. 12), and secondly the fact that 3-D and eddy current effects
were ignored.
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Fig. 15. Simulated torque and speed of the SRM drive under SPMO.

In Fig. 15, the torque waveform and speed of the SRM under
SPMO are shown. It is clear that the ripple torque is quite high
under these conditions. The simulated speed variation of the
drive system is shown to be very little in this case.

VII. END WINDING EFFECTS

To take end winding effects into account, 3-D FE solutions
can likewise be used in the proposed simulation methods. Ob-
viously, the simulation time then will be much longer. To ap-
proximately compensate for end-winding effects when using
2-D FE solutions, the per phase end-winding self and mutual
inductances can be calculated analytically or precalculated by
3-D FE analysis, and then added to the inductance terms of the
inductance matrix of (14). Similarly, the per-phase end-winding
resistance can be calculated analytically and added to the main
winding resistance.

VIII. CONCLUSION

The proposed vector direction and partial differential FE
time-step current waveform simulation methods take the effects
of saturation and mutual coupling between the phases into
account. Although both methods make use of the incremental
inductance of the machine, the solution methodologies are
different. Both methods yield practically the same simulation
results if small step sizes are used, but slightly different results
if large step sizes are used. The vector direction method is
found to be in general the faster and better method of the two
proposed methods. It is shown that the mesh and BH-curve used
in the FE analysis have substantial effects, among other things,
on the time-step simulation results and must be considered
with care. The good comparison between the measured and
simulated current waveforms in multiphase single pulse mode
operation of the SRM drive verifies the proposed methods. The
two methods proposed in the paper can also be used for the
simulation of SRM drives under other operating modes.
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