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Abstract—Variable reluctance motor (VRM) drives have
been a subject of research for many years due to their
simple construction and the ability to operate with unipolar
phase currents, which simplifies inverter design. As a result,
numerous inverter topologies tailored for VRMs have been
proposed in the literature. However, irrespective of the
chosen topology, the challenge of controlling the VRM
phase currents remains. To relieve the user of the burden
of managing VRM current control, this paper proposes a
current source inverter (CSI)-supplied VRM drive system,
where the CSI operates in open loop using only rotor
position information, without requiring any user interaction.
This approach allows the complete drive system to emulate
the behavior of a series-excited DC machine from the CSI’s
DC side, enabling straightforward operation. A DC-side
equivalent speed-torque characteristic is derived to support
this concept, and simulation results are presented to validate
the proposed approach.

Index Terms—Switched reluctance machines, Variable re-
luctance machines, Current source inverters, Series-excited
DC machine, Unipolar current drive, Inverter integration,
Open-end winding

I. INTRODUCTION

Variable speed drive (VSD) systems based on variable
reluctance motors (VRMs), also commonly referred to
as switched reluctance motors (SRMs), have attracted
research interest for more than 55 years [1] due to their
simple and robust construction. VRMs feature salient
poles on both the stator and rotor, hence often referred
to as doubly salient machines. They utilize concentrated
windings on the stator with a simple construction, while
the rotor contains neither windings nor permanent mag-
nets. Torque is generated through the magnetic attraction
between stator and rotor poles, with stator currents being
switched on and off according to the rotor position [2],
[3].

This switching process, where current is commutated
from one coil to another, is challenging due to the
large energies involved. As a result, significant research
efforts have been dedicated to developing suitable in-
verter topologies, often tailored to specific VRM winding
configurations, such as short-pitched or fully pitched
windings [4], [5]. The currents in VRMs are unipolar,
which enables simpler inverter topologies compared to
those required for bipolar current operation. As a result,
numerous publications have focused on developing sim-
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Fig. 1: (a) An n-phase VRM utilizing the switch-per-phase CSI
configuration proposed in [10], so-called uniCSI. The need for
a dedicated DC-link inductor is eliminated, as the inductance of
the open-end winding SRM inherently facilitates CSI operation.
(b) Unipolar VRM five-phase current waveforms, showing that
phase currents remain strictly positive. € is the electrical angle.
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plified VRM inverter configurations aimed at minimizing
the number of semiconductor devices per phase [6]-[9].

When VRM currents are switched off, the associated
energy accumulated in the VRMs inductance is either dis-
sipated in an external resistor or Zener diode, or returned
to the power supply, each of which introduces various
challenges. To mitigate these issues, a VRM with an
additional winding was proposed in [11], improving turn-
off performance by enabling internal energy circulation
within the machine itself. Subsequently, VRMs featuring
both AC and DC excitation windings were developed [12],
[13], paving the way for designs that use a single set of
windings to carry both AC and DC current components
[14]-[16]. In such configurations, the VRM phase currents
become unipolar sinusoidal (see Fig. 1(b)) rather than
pulsed on/off waveforms, which significantly simplifies
the control strategy. A recent wave of research has fo-
cused on inverter topologies capable of delivering high-
frequency PWM voltages to VRMs in order to generate
unipolar sinusoidal phase currents. Since these unipolar
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currents do not sum to zero, forming a star point is not
feasible. As a result, specialized inverter configurations
such as full-bridge inverters per phase [17] or four-leg
inverters [18], [19] are employed to accommodate this
constraint.

Despite significant progress in VRM research and
inverter development, there is still no standardized VRM
inverter solution. This lack of standardization, along with
non-standard control strategies, continues to hinder the
widespread adoption of VRM-based drive systems. To
address this, the present paper proposes a concept in
which the user has no direct interaction with the VRM
inverter. Instead, the VRM and its inverter are designed to
behave as a single integrated unit, functionally equivalent
to a series-excited DC machine. The inverter topology
enabling this approach is a current source inverter (CSI)
designed for unipolar currents, referred to as uniCSI. It
requires only one switch per phase and operates with-
out a DC-link inductor (see Fig. 1(a)), as proposed in
[10]. In this paper, we demonstrate the operation of the
proposed uniCSI-supplied VRM concept and establish
its equivalence to a series-excited DC machine, using
a fundamental-wave VRM model and sinusoidal phase
currents with a DC offset, like those shown in Fig. 1(b).

II. VRM CURRENTS AND UNICSI DUTY CYCLES

Torque generation in VRMs is traditionally described
as the result of magnetic attraction between stator and
rotor poles. In this framework, current is applied to a
stator phase only while its inductance is increasing and
turned off when the inductance begins to decrease, ensur-
ing that only positive torque is produced [1]. However,
implementing this type of control is often challenging, as
it theoretically requires pulsed phase currents. To simplify
the control of VRMs, torque generation can alternatively
be understood through the interaction between the stator
and rotor magnetic fields. This interpretation leads to the
use of unipolar sinusoidal phase currents, which contain
both AC and DC components [20], [21]. Accordingly, in
this paper, we assume unipolar sinusoidal phase currents
of the form (AC with DC offset):

i = m 22 cos <0+0i(k 1)2”) p e ()
n n n
where m € [0,1] is the modulation index, the peak
amplitude of the AC component is m idﬁ, the DC offset
is “d=, and 6; denotes the electrical angle phase shift of
the current with respect to the inductance profile that is
introduced later. It should be noted that the sum of all
phase currents equals the total DC-link current:

5
Z Ik = idc, )
k=1

as dictated by Kirchhoff’s current law when applied to
the VRM circuit shown in Fig. 1(a).

As explained in detail in [10], the proposed uniCSI
for VRMs (see Fig. 1(a)) controls each switch Sy using a
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Fig. 2: Five-phase 10/8 VRM example with Ny = 10 stator teeth
and N, = 8 rotor teeth; all dimensions are in millimeters: (a)
Phase 1 inductance at its maximum, L; = L,, when the rotor
teeth are aligned with the stator teeth of phase 1 (© = 0). (b)
Phase 1 inductance at its minimum, L; = L, when the rotor
teeth are unaligned with the stator teeth of phase 1 (© = Nir). (c)
Waveforms of the phase inductance L; and mutual inductances
]\4127 M13, M14, M15. (d) Main flux ’lbl and mutual flux le-
The waveforms are per meter per turn and obtained from 2D-
FEM simulations.

duty cycle dj; to regulate the corresponding phase current
as follows:

i) = di ide- 3)

It should be emphasized that this is a form of current
modulation, and appropriate overlap between switching
intervals must be applied during phase commutation to
ensure continuous operation. From (3), the duty cycle can
be expressed as:

i 2 1
d = & = mcos(@—l—@i—(k—l)?r) +—- @
lde N n n
Furthermore, the sum of all duty cycles at any instant
equals one:

diov =y _di = 1. 5)
k=1

III. VRM MODEL

To demonstrate the concept of a VRM operating like a
series-excited DC machine, we consider an n = 5 phase
VRM as shown in Fig. 2. However, the proposed concept
is applicable to VRMs with any number of phases. As
highlighted in recent literature [22], five-phase VRMs
can offer reduced torque ripple, and thus, lower acoustic
noise during operation. In the example configuration, the
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stator has Ny = 10 teeth and the rotor has N, = 8
teeth. The inductance of each stator phase varies between
its minimum value L,, when the stator and rotor teeth
are unaligned, and its maximum value L,, when they
are aligned. To analyze how the phase inductance and
mutual inductances vary with rotor position, a 2D finite
element model (FEM) of the VRM is established using the
geometrical parameters shown in Fig. 2(a,b). It should be
noted that the geometry is not optimized; its sole purpose
is to illustrate the qualitative behavior of the inductance
waveforms. Fig. 2(c¢) shows the phase inductance and mu-
tual inductance waveforms as functions of the mechanical
rotor angle. The results indicate that the mutual induc-
tances are significantly smaller than the phase inductance.
Moreover, due to alternating winding directions (see
Fig. 2(a)), the mutual inductances take both positive and
negative values. Since the motor operates with unipolar
phase currents, the total mutual flux contribution to phase
1, defined as 1ni1 = Mioio + My3is + Mygig + Msis, is
considerably smaller than the main flux contribution from
phase 1 itself, ¥y = Ly, as illustrated in Fig. 2(d).
Therefore, to simplify the analytical derivations in this
paper, the effect of mutual coupling will be neglected, i.e.,
we assume 1 = 0. For these calculations, the phase
current expression from (1) is used with the parameter
values set to m =1, n =5, igc = 1 A, and 0; = /2.

In Fig. 2(b), the mechanical rotor angle © is indicated.
However, for the purposes of our VRM model, the electri-
cal angle 6 is more relevant. It is related to the mechanical
angle through the number of rotor teeth:

9 = N,O. 6)

Consequently, the mechanical angular speed ) and the
electrical angular frequency w are defined as:

doe de
== = — 7
a T ar @
and are related by the same factor w = N
With all relevant parameters defined, the phase induc-

tance can be expressed as

Li(0) = Lu+ (La — Lu) fx(0), ®)

where k € {1,2,3,4,5} denotes the phase order and
fx(0) is a function that models the variation of inductance
between its minimum and maximum values, L, and
L,. This function typically exhibits a nearly sinusoidal
waveform (see FEM simulation results in Fig. 2(c)), but
for simplicity, it is commonly approximated by a pure
sinusoid, which is the approach adopted in this work:
1 1 2m

fk(ﬁ)—2+2cos<9+(k 1)n> )
Furthermore, magnetic saturation effects are neglected
in our model. This simplification is justified since the
focus of this work is not on detailed magnetic design
or geometric optimization, but rather on demonstrating
the operating principle of a VRM driven to behave like a
series-excited DC machine.

(VDE2025-Munich)

The voltage equation for each phase is given by

d
up = Rij + zft’“ (10)
where the flux linkage per phase is defined as
Yi(0) = Li(0) ir(0). an

Due to the angle dependence of the flux linkage, the time
derivative in (10) becomes

g _ dyn 9 dun

=— — 12
dt a9 dat - a0 ” (12)

Substituting (11) into the above expression yields

d’(/)k d(Lka) de dlk
—_— = w= Lip— 13
T e R T
Therefore, the phase voltage expression in (10) becomes
dLy dig

up = Rig +1pg—— 0 W+Lkd0 (14)

To simplify the notation throughout this work, we
assume that all quantities are functions of the electrical
angle @, but omit the explicit dependence for brevity. That
is, we write Ly = Li(0), ¥r = ¥i(0), ix, = ix(0), and
apply the same convention to all further expressions.

IV. DC-SIDE SPEED-TORQUE CHARACTERISTIC

The proposed uniCSI for VRMs from [10] that is
shown in Fig. 1(a), algebraically links the VRM phase
currents to the DC-link current, see (3). Since the phase
currents directly determine the torque produced by the
VRM, the uniCSI enables torque control by regulating
the DC-link current, provided that the desired modulation
index m is fixed (a similar approach was presented in [23],
[24] for CSI-supplied permanent magnet synchronous
machines). Accordingly, this section focuses on deriving
an equivalent speed-torque characteristic using parameters
defined on the DC side of the uniCSI.

The derivation of the DC-side equivalent speed-torque
characteristic begins with establishing a DC-side equiva-
lent model of the VRM. This is achieved through a power
balance approach, where the input power on the DC side
must equal the sum of the powers consumed by each
individual phase (see Fig. 1(a)):

) dae = Zuk ik (15)

Here, u, denotes the DC (armature) voltage and (-) rep-
resents the average over one switching period, as shown
in Fig. 1(a). In practice, this voltage is generated by a
switched power converter, such as a half-bridge or full-
bridge, so we use its averaged value over one switching
period, denoted as (u,), in the power balance equation
(15). The VRM phase voltage uj and current 7, are
defined in (10) and (1), respectively. In this analysis, the
influence of the filter capacitors Ct is neglected, as their
typical low capacitance is designed only to filter high-
frequency current components. Therefore, they have a
negligible impact on the fundamental frequency behavior,
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which is the basis for the DC-equivalent circuit derivation,
see also [23].

If we consider only the voltage drop across the VRM
winding resistance IR in the phase voltage expression (10),
and apply the power balance principle from (15), we
obtain the following relation:

5 2
m* + 2
a)ide = R 2 = R 2, 16
(Ua) ia kZﬂZk 10 tde (16)
=Rac

from which the equivzalent DC-side resistance can be
identified as Ry = "2 R.

The second voltage component in (10) arises from the
change in flux linkage, which is further expanded in (14).
The flux per phase, given by 1, = Lyix, depends on
both the inductance and the phase current, which vary
with time. To capture the most general case, we assume
that both the modulation index and the DC-link current,
defining iy, in (1), are time-dependent, i.e., m = m(t) and
lde = tac(t). Under this assumption, the power balance
leads to the following expression:

v
= (17)

= (de % + Rx Z.dc + RT idc) idc
t

where L., Ry, and R, are DC-side equivalent parameters

that model the effect of the time-varying phase inductance

Ly, as the VRM rotates. The equivalent DC inductance is

defined as:

<ua> lde =

Ly — (m? +2)Lyx —2|—02m cos 0; LA’ (18)
where Ly, = L, + L, and Lo = L, — Ly. The dy-
namic resistance R, accounts for the change in magnetic
energy due to variations in the modulation index. It is
only present when m(t) varies and may take positive or
negative values:

m Ls, +cos@; Lan dm
= —_— 1
B 20 dt (19

The electromechanical torque resistance R, represents
the power component transferred to the VRM shaft and
converted into mechanical power:

msin6; La

20
These components together define the DC-side equiva-
lent circuit of the uniCSI-supplied VRM, as shown in
Fig. 3(a).

The most important element in the DC-side equivalent
circuit shown in Fig. 3(a), in the context of deriving
the speed-torque characteristic of the VRM, is the elec-
tromechanical torque resistance R,. The power developed
over this resistance, given by R, i3_, corresponds to the
mechanical power T} delivered to the VRM shaft, where
T is the electromagnetic torque and € is the mechanical
angular speed. From the power balance, we obtain the

RA(9) = N.. 20)

(VDE2025-Munich)
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Fig. 3: VRMs DC-side equivalent circuit: (a) dynamic circuit,
and (b) steady-state circuit used for derivation of the speed-
torque characteristic.

following relationship:

w

R, i3, =TQ=T—, 21

Yde Nr ( )

which allows us to express the electromagnetic torque as
a function of the DC-link current:

2
T= = msin@; L i3, (22)

where we assumed N, = 8. From (22), we can define a
torque constant

2
kr = gmsiHQiLA, (23)

so that the torque expression is 7' = kri5.. In addi-
tion, the electromechanical torque resistance from (20)
becomes equal to R,(Q) = k(.

The speed-torque characteristic is derived under
steady-state conditions. Accordingly, assuming steady-
state operation, the dynamic VRM equivalent circuit
shown in Fig. 3(a) reduces to the steady-state represen-
tation depicted in Fig. 3(b). In this context, voltages and
currents are denoted with capital letters (U, and I4.) to
indicate steady-state values.

The speed-torque relationship is obtained starting from
the steady-state voltage equation:

Ua = Rdc Idc + RT(Q) Idc~ (24)

Substituting Iq. = \/T/kt and R-(Q) = k1 Q into (24),
and solving for the mechanical speed €2, we obtain:

Ua o Rdc
vV kT T kT ’
which represents the desired steady-state speed-torque
characteristic of the VRM.

The derived speed-torque characteristic closely resem-
bles that of a series-excited DC machine, thereby making
the control of the uniCSI-supplied VRM drive system
from the DC side functionally equivalent to that of a
series-excited DC machine. Moreover, the characteristic
in (25) can be tuned by adjusting the modulation index m,
since the torque constant k1 depends on m; see (23). The
influence of kr is illustrated in Fig. 4(a), where the speed-
torque characteristic (25) is plotted for different values of
m. The remaining parameters are listed in Tab. I. The
rotational speed is presented in revolutions per minute
(rpm) rather than radians per second, using the conversion
Nmech = €1 - %. It should be noted that this extension of
the speed-torque range by reducing m comes at the cost

T) =

(25)



The 10th International Conference on Electromechanical Drive Systems

= ot D

Mmech (krpm)

N W

—~_~
£
=

(=2 BN o}
=

'
=)

Ty (A)

20 ,',"l'

(b)

Fig. 4: Impact of the modulation index m on the speed-torque
characteristic: (a) speed versus torque curves, and (b) DC-link
current versus torque curves.

Parameter Symbol Value
DC-link voltage (ua) =U, 36V
Current angle 0; /2
Inductance difference La 8.3mH
DC-side resistance Rac 0.015Q

TABLE I: Speed-Torque Characteristic Parameters.

of increased DC-link current, as shown in Fig. 4(b). This
is expected: reducing m decreases the torque constant
kr, which in turn requires a higher DC-link current to
generate the same torque.

V. MAXIMIZING TORQUE PER CURRENT

As discussed in the previous section and illustrated in
Fig. 4, the equivalent DC-side speed-torque characteristic
of the VRM can be adjusted through the CSI modulation
index m and the current phase angle 6;. In the remainder
of this paper, we fix these values to maximize the torque-
per-ampere ratio. From (22) and (23), it follows that the
maximum torque per unit current is achieved when

0, =0 = g (26)

where the capital letters M and 6 are used to denote
these fixed, optimal values.

In this scenario, the DC-side equivalent parameters
simplify significantly. The DC-side resistance from (16)
reduces to

m=M=1

3
= — 27
Rac . OR’ (27)
and the DC-side inductance from (18) reduces to
3
Lgc = —Ls. 2
de = 5oLz (23)

Since the modulation index is constant, the dynamic
resistance from (19) becomes zero, i.e., Ry = 0. The
electromechanical torque resistance from (20) simplifies
to

RA(Q) = %LA Q. (29)

(VDE2025-Munich)
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Fig. 5: Verification of the speed-torque characteristic: (a) Tran-
sient time-domain simulation schematic with a constant voltage
of U, = 36 V. (b) Speed-torque characteristic (25), where red
dots indicate the steady-state speed reached in the transient time-
domain simulation. (¢) DC-link current vs. torque characteristic,
illustrating the quadratic dependence of torque on the DC-link
current.

Finally, the torque constant expression simplifies to
2
kr = SLA. (30)

VI. SIMULATION RESULTS

The simulation results are obtained using time-domain
simulations in PLECS, employing a 10/8 VRM model that
implements the same analytical model described in this
paper, as detailed in Sec. III.

A. Speed-Torque Characteristic

The speed-torque characteristic is validated through
simulations of the schematic shown in Fig. 5(a). The CSI
operates in open-loop mode. Its duty cycles are computed
using (4), where both the modulation index and the DC-
link current angle are held constant, as specified in (26).
As demonstrated in Sec. I'V, such a uniCSI-supplied VRM
exhibits DC-side behavior equivalent to that of a series-
excited DC machine. Consequently, the VRM can be
directly connected to a constant voltage source, enabling
the validation of the speed-torque characteristic (25). The
resulting data is shown in Fig. 5(b).

Each star-shaped point corresponds to a separate tran-
sient simulation that settles at a steady-state speed. This
final speed is recorded and plotted. The mechanical load
torque applied to the VRM is varied between 1 Nm and
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Fig. 6: Speed control block diagram, illustrating the regulation of VRM speed and torque through the DC-link current via the input
buck converter. As a result, the uniCSI-supplied VRM drive exhibits a behavior similar to that of a series-excited DC machine from
the user’s perspective. The uniCSI operates with PWM modulation and open-loop control, relying solely on the VRM’s rotor angle

information.

16 Nm. The continuous line that closely follows these
simulation points corresponds to the theoretical curve
described by (25). Numerical parameters used in the
simulation are provided in Tab. I. A match between
the analytical speed—torque characteristic (25) and the
simulation results is achieved, thereby validating the de-
rived expression (25) as well as confirming the quadratic
relationship between torque and DC-link current, see
Fig. 5(b,c).

B. Speed-Controlled Drive System

As shown in the previous subsection, once the uniCSI
duty cycle angle is synchronized with the VRM’s shaft
position and shifted by 7 /2 electrical, the uniCSI-supplied
VRM drive behaves, at its DC-side terminals, like a series-
excited DC machine. This equivalence is demonstrated by
the results shown in Fig. 5. Consequently, from the user’s
perspective, the uniCSI-supplied VRM can be treated
entirely as a series-excited DC machine, without the need
to manage uniCSI control or modulation, as it operates
in an open-loop manner. This simplifies torque control of
the VRM, which can now be achieved by regulating the
DC-link current. This concept enables, for example, the
implementation of a speed control system as illustrated in
Fig. 6.

Time-domain simulation of the proposed drive system
shown in Fig. 6 is carried out, and the results are presented
in Fig. 7. The numerical values of the parameters used in
the simulation are provided in Tab. II. The results confirm
the expected direct correspondence between the DC-link
current and the VRM torque. The maximum torque of
the VRM, 32 N m (twice the nominal value), is achieved
during the acceleration phase of the drive system. This
corresponds to a DC-link current of /T'/kr = 98.2 A.
Once the final speed reference is reached, the torque
settles to its nominal value of 16 Nm, and accordingly,
the DC-link current decreases to 69.4 A.

The duty cycles d, ds, ds, dy, d5 are computed accord-
ing to (4) without the need for any control algorithm or
user intervention; only rotor angle information from an
encoder is required, thereby fully abstracting the uniCSI
operation from the user’s perspective. This simplicity
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Fig. 7: Transient simulation results: (a) Mechanical speed, (b)
VRM torque, (¢) DC-link and VRM phase currents, (d) Input
buck converter duty cycle, and (e) uniCSI duty cycles along with
their total sum, ensuring diot = 1. The uniCSI modulation is
implemented according to [25].
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Parameter Symbol Value
Buck

Input voltage Uin 100V
Switching frequency fsw,b 300kHz
CSI

Output capacitance Ct 0.2 puF
Switching frequency few 300kHz
Modulaiton index M 1
Current angle 0r /2
VRM

Phase resistance R 0.05Q
Unaligned inductance Ly 0.5mH
Aligned inductance L, 8.8mH
Number of stator teeth Ny 10
Number of rotor teeth N; 8
Moment of inertia J 0.001 kgm?
Nominal mech. power Prcen 5kW
Nominal mech. speed Nmech 3000 rpm
DC-side

DC-side resistance Rac 0.0159Q
DC-side inductance Lqc 1.395 mH

Torque constant kT 3.32mNm A2

Controller gains

C; closed-loop bandwidth fee 5kHz

C; proportional gain Kpe 43.82V/A
C; integral gain K; 33143V /(As)
Cgq cross-over frequency fes 0.5kHz
Cq proportional gain Ky 3.14sNm
Cq integral gain K 1974 Nm

TABLE II: Simulation Parameters.

enables the uniCSI and VRM to be combined into a
single, compact unit, as illustrated in Fig. 8.

It is essential to emphasize that, due to the VRM’s
open-end winding configuration, the integrated uniCSI
does not require a dedicated DC-link inductor and oper-
ates with only one switch per phase. This approach allows
the VRM and its tailored uniCSI to be co-designed and
integrated, eliminating the typical complexity and ambi-
guity associated with selecting an appropriate inverter for
VRMs. In practical terms, users of the proposed drive
system interface with a universal motor (series-excited DC
machine) that can be supplied via a standard half- or full-
bridge converter, depending on the specific application
requirements.

VII. CONCLUSION

This paper proposes an unipolar current source inverter
(uniCSI)-supplied variable reluctance motor (VRM) drive
system. The uniCSI used is a recently introduced topology
that requires only half the number of semiconductors
compared to conventional CSIs, specifically, one switch
per VRM phase. Furthermore, thanks to the open-end
winding configuration of the VRM, the proposed uniCSI
does not require a dedicated DC-link inductor, as the
VRM’s own inductance serves this role effectively from
the DC-side perspective.

(VDE2025-Munich)

)T, Q

Position
Encoder

Fig. 8: Proposed uniCSI-supplied VRM drive with the uniCSI
and VRM integrated into a single housing, enabling straight-
forward usage as a series-excited DC machine,i.e., a universal
motor from the user’s perspective.

N
uniCSI

This inverter-motor combination enables open-loop op-
eration of the uniCSI using only rotor position feedback.
As a result, torque control is achieved solely through
regulation of the DC-link current, making the system ex-
tremely simple to operate and easy to integrate into a wide
range of applications. We have shown that the proposed
uniCSI-supplied VRM exhibits a quadratic relationship
between torque and DC-link current, analogous to the
behavior of a series-excited DC machine. Additionally,
we demonstrated how speed and torque can be controlled
entirely from the DC side, abstracting away the uniCSI
from the user’s perspective.

Finally, we outlined our future direction, which focuses
on physically integrating the uniCSI and VRM into a
single unit with only two external terminals, positive and
negative DC connections, allowing the entire system to
function as a plug-and-play universal motor.
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