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Abtract

In this paper, the control of Switched Reluctance Motors is
approached from a Passivity-based Control perspective. The
proposed controlles solves the torque/speed/position tracking
problem by exploiting the passivity properties of the machine. The
methodology design considers the feedback decomposition of the
motor model into one electrical and one mechanical passive systems
and is divided into the following three steps: Control of the electrical
sub-system to achieve current tracking, definition of the desired
current behaviour to assure torque tracking and design of a speed/
position control loop. The contribution of the paper is threefold:
The controller design is developed using energy-dissipation ideas,
the mathematical formalization of the current engineering practice
of controlling this kind of machines with a cascade approach, and
the establishment of an extension to previously reported passivity-
based controllers for electric machines in the sense that in this case
Blondel-Park transformability properties are not requiered.

Keywords: Switched Reluctance Motors, Passivity-Based
Control, Cascade Control.

Resumen

Se estudia el problema de control de Motores de Reluctancia
Conmutada desde una perspectiva del Control basado en Pasivi-
dad. Se propone una solucion al problema del seguimiento de par/
velocidad/posicién via la descomposicion del modelo de la mdqui-
na en dos blogues (uno eléctrico’y otro mecdnico) retroalimentados
y dividiendo el disefio del controlador en tres etapas que son equi-
valentes al cldsico control en cascada. Las contribuciones que se
presentan son tres: el disefio del controlador basado en ideas de
disipacion de energia, la formalizacién matemdtica del control en
cascada y la extension del control basado en pasividad para md-

quinas eléctricas al no requerir la transformacion de Blondel-Park.

Palabras clave: Motores de Reluctancia Conmutada, Control Ba
sado en Pasividad, Control de Cascada.

1 Introduction

Switched reluctance motors (SRM) establish a class of
electric machines that has grown in popularity in the last
years due to the absence of permanent magnets or wind-
ing in the rotor, making them a low cost and high reliable
alternative. They belong to the class known as doubly
salient electric motors and in addition of its simple struc-
ture, if they are designed with a large number of poles,
these devices can produce high torque at low speeds, elim-
inating the use of gear boxes and establishing thus, that
SRM can be considered a suitable candidate for direct—
drive applications.

The main limitation for exploiting the advantages men-
tioned above, is the strong nonlinear electromechani-
cal behavior exhibited by this kind of electrical devices,
namely: It primarily operates with magnetic saturation
in order to maximize torque/mass radio and the devel-
oped torque is a nonlinear function of stator currents and
rotor position [1].

One way that has shown to be useful for dealing with
the aforementioned limitation is, on the one hand, to as-
sume a simplified structure for the magnetic circuit of the
machine leading to a linear relationship between fluxes
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and currents and, on the other hand, to treat the torque
generation problem by means of the so-called torque shar-
ing approach [2]. The simplified structure greatly simpli-
fies the controller design while the sharing approach, mo-
tivated by the (experimentally justified) assumption that
the stator windings are decoupled, allows for the con-
sideration that the generated torque is composed by the
sum of the torque induced by each of the stator windings.
Hence, a quite reasonable solution in order to produce a
desired torque, is to define sharing functions whose basic
objective is to scale phase torques in such a way that their
sum achieves the desired value.

On the other hand, Passivity—based control (PBC) is
a well established controller design methodology (3} that
has shown to be very useful in solving control problems
for a large class of nonlinear (physical) systems. For the
particular case of electric machines, PBC was first applied
to induction motors [5] and later on to a class of Blondel-
Park transformable (both under and fully actuated) elec-
tric motors [4]. The main feature of this approach lies
in the fact that a central role in the controller design is
deserved to modelling aspects by focusing on the motor
structural aspects that can be exploited to solve the prob-

lem. In particular, this technique takes advantage of the .

energy—dissipation (passivity) properties of the machine
and simplifies the analysis by decomposing the model as a
feedback interconnection of two passive sub—systems (one
electrical and one mechanical). This approach allows the
designer to control the electrical sub—system to achieve
objectives like current/torque tracking, considering the
mechanical subsystem as a ”passive disturbance”, and af-
ter this, to solve the speed/position control problem for
the mechanical subsystem.

In this paper, the control of SRM is approached from
a PBC perspective. The proposed controller states
a novel contribution in the field since it solves the
torque/speed/position tracking problem by exploiting the
passivity properties of the machine. The methodology
design considers the feedback decomposition of the mo-
tor model into one electrical and one mechanical passive
systems, allowing in a natural way, the following three
steps: Control of the electrical sub—system to achieve cur-
rent tracking, definition of the desired current behavior
to assure torque tracking and design of a speed/position
control loop. It must be pointed out, that this controller
structure evidently resembles the well-known cascade ap-
proach to control electrical machines. Therefore, a second
contribution can be identified in the sense that a formal
justification for this practice is provided.

A final contribution of the paper is related with the fact
that the Blondel-Park transformability properties, re-
quired by previously reported passivity based controllers,
are not required in this case.

The paper is organized as follows: Section 2 is devoted
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to present the general characteristics and the considered
model of SRM. The passivity—based design followed in
the controller design is introduced in section 3 while the
proposed controller is presented in section 4 where some
simulation results are included to validate its usefulness.
Finally, some concluding remarks are included in section
5.

2 SRM: General characteristics
and Modeling

SRM differs from standard motors because forces are
generated by reluctance instead of induction actions,
i.e. torque production mechanism is identical to the ob-
served when two displaced opposite polarized magnets are
aligned. This structure allows for concentration of wind-
ings in the stator part of the machine while the rotor
does not exhibit neither permanent magnets nor wind-
ings, leading to several attractive features: Simple con-
struction and brushless structure and generated torque
many times greater than those obtained by excitation—
type motors.

Paradoxically, it can be considered that the main disad-
vantage of this kind of electric machines comes also from
its simple structure, since in order to generate torque, the
stator currents must be sequentially switched on and off
in accordance with the rotor position. :

One way that has shown to be very useful for dealing
with the problem of smooth torque generation, is the ap-
proach known as torque sharing. In general terms, the
basic characteristic of this approach is to consider that
not only one phase winding produces torque at the same
time, but instead that this task is shared with the ad-
jacent winding. Thus, instead of generating an ”instan-
taneous” switching between phases, this transition is ac-
complished by blending the applied currents to the two
considered windings. In this paper this approach is fol-
lowed and will be formalized below in the mathematical
definition of the electronic commutator.

In order to state the differential equations that describe
the dynamical behavior of a 3¢ SRM!, in this paper it is
considered the (experimentally justified and widely ac-
cepted) assumption that the three stator phases are mag-
netically decoupled, i.e. that the mutual inductance be-
tween stator phases can be neglected. Hence, the afore-
mentioned differential equations are given by

7/')]'—|>T’L‘j:u_7'; _7:1,2,3

JO =Te(8,3;) — TL(6,6) 1)

where u; is the voltage applied to the stator terminals of
phase 7, i; is the stator current of phase j, 1;{0,1;) is the

1Without loss of generality and for ease of presentation, in this
paper it will be considered the case of a 3¢ motor.
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flux linkage of phase j, r is the stator winding resistance,
6 is the angular position of the rotor, T7.(8, 0) is the load
torque and J is the total rotor and load inertia. Notice
that the mechanical torque of electrical origin T.(9,;),
depends on both the angular position of the rotor and all
of the three stator currents.

In this paper, following [2], it is assumed that fluxes
linkage have the following structure ¥;(9,4;) = L;(0)i;
where phase inductances are given by L;(f) = lp —
l1 cos [NT0 -G - 1)3—3’1] where lg and l; are constants
that make this inductance a strictly positive function.

Under this condition, the model (2.1) can be written
as

Ly(0) G+ K;(0)03; +ris = ug; =
J0 = T,(0,4;) — T1(6,6)

L23 (59

where K;(0) = 2589 — N1, sin (N0 — (j — 1)ZE) is the
phase inductance variation with respect the angular rotor
position.

It is important to remark that the mechanical torque
of electrical origin takes the form

3 3
Lo . 1 .
Te(0,41,12,13) = ZTj(Oa ij) = Z §Kj(9)'l?
j=1 j=1

where it can be observed that each phase torque appears
as a quadratic function on phase currents and that its
sign is determined by the partial derivative of the phase
inductance with respect rotor position. This property is
fundamental in the sense that considering it, the mathe-
matical definition of the electronic commutator and the
torque sharing mechanism can be developed, following
ideas of {2}, in the following way:

Given two sets ©F = {#:K(f) >0} and ©] =
{6 : K(#) < 0} where the superscript + and — stand for
required positive and negative torque, respectively, choose

any functions m} and m; such that

7 J

mf (0)> 090 € 675 Y0 my (6) =18
m; (0) >0Y0€©;; 35, m;(0)=1Y8

(2.3)

Then, these sharing functions can scale each phase torque
in order to generate a total desired torque by assigning

m}(0), Ta>0

m=(0), Ti<0 (24)

m;(0) = {
with Ty the desired torque to be delivered.

It must be pointed out, that the presented structure for
the electronic commutator has the advantage of leaving to
the designer the freedom to choice the sharing functions,
provided conditions (2.3) are satisfied. This characteristic
is important in the sense that this degree of freedom can
be used to solve additional optimization problems like

torque rippley minimization. Moreover, the relevance of
this structure is greater in a PBC context, since (as will
be clear in the development of the proposed controller) it
establishes the argument for avoiding the requirement of
Blondel-Park transformability properties for the machine
model.

3 Passivity—based design

Passive systems establish a class of nonlinear systems that
enjoy several properties that are attractive from a control
perspective [6]. This class of systems is characterized by
the following basic

Definition. The dynamical system ¥ : v — y with input
u € R™, output y € R™ and state vector z € R"
is passive if there exist a function H(z) > 0 € C1,
H(0) = 0, such that, for all u € £} and for all ¢ > 0
the following inequality holds

AuﬁﬂMﬂmz¢mﬁn—muml (3.1)

The importance of this definition for control purposes
is revealed if inequality (3.1) is rewritten as H[z(t)] <
u” (t)y(t) where it can be noticed that, if H(x) is inter-
preted as a Lyapunov function, then the unforced sys-
tem, i.e. considering u = 0, is stable as well as the zero
dynamic of the system, i.e. those dynamic behavior ob-
tained by considering y = 0. Moreover, these (very at-
tractive by itself) properties become more relevant if it is
considered that the negative feedback interconnection of
two passive systems is also passive.

In [4], the properties presented above are exploited to
propose a controller design methodology with the aim to
solve the torque/speed/position tracking problem for a
wide class of electric machines. The developed result is
based in the feature that the generalized model of the con-
sidered class of machines, can be decomposed as the neg-
ative feedback interconnection of two passive (one electri-
cal X, and one mechanical Y.,,) systems as

ns |

Yot

Us

is
4}ﬁ[nwmm}
Ty, — To(0, is,3,) — —0

with u, input voltages, i, stator and i, rotor currents, re-
spectively. Under these conditions the mentioned control
problem can be solved by following the next three steps:
1. Control of the electric subsystem. In this step
an output feedback controller, (i.e., using only stator cur-
rents for feedback) is developed in such a way that its
closed loop with the electric subsystem is passive. Hence,
invoking the passivity preservation property for feedback
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interconnected passive systems, the mechanical (passive)
subsystem can be viewed as a ” passive” disturbance that
does not destroy the passivity (and then. the stability)
propertties of the complete system.
2. From current to torque tracking. Once the cur-
rent tracking control problem has been solved, the second
step is to identify a desired current behavior compatible
with the system dynamic but that at the same time gen-
erate a pre-specified reference for the generated torque.
This step can be formulated as a system inversion re-
quirement in the sense that for a given desired torque,
the designer must be able to compute a current behavior
that generate the desire torque. Evidently, the definition
of this current behavior must be complemented with the
proof of the asymptotic achievement of the objective, i.e.
it must be proved that current convergence implies torque
convergence.
3. Control of the mechanical subsystem. In this step
it is defined the desired torque structure that achieves
the control of the mechanical variables. This definition
_involves the feedback of mechanical speed or position, de-
pending on the control objectives, and must be done in
such a way that the stability of the overall control system
can be achieved.

The following remarks are in order about the refereed
controller design methodology:

o Notice that the three steps presented above resemble
the well-known and widely used cascade control [7]. The
main difference in this case is that the stability properties
of closed loop are formally stated.

e The system inversion requirement imposed in sec-
ond step, is solved in [4], by exploiting the Blondel-Park
transformability properties of the class of motors consid-
ered in that paper. As is well known, SRM do not enjoy
this property, but this problem will be solved (as it will be
clear in the next section) by following the torque sharing
approach.

4 Main result

In this section the main result of the paper is presented,
namely, a passivity—based controller for the considered
model of SRM. Although the particular case of speed con-
trol is treated in detail, the required modifications for the
proposed controller to deal with torque and position con-
trol are also stated.

The passivity properties exhibited by model (2.2) that
makes suitable the approach described in the last section,
are presented in the following

Fact. The model (2.2) of a 3¢ SRM can be decomposed
as the feedback interconnection of the following two
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passive systems

o | %)= [ nn |
S : TL(0,0) = To(6,i) — —0

where u = [Ul,’l.Lz,u;;]T and i = [i1, 19, ig]T

Proof. In order to prove the passivity properties of the
model, consider the magnetic co—energy function and the
kinetic co-energy function of the machine given respec-
tively by W'(0,4) = 3iT.D(¢)i and K'(0) = £J6°.

The first part of the fact is proved by taking the time
derivative W’(6, 6, 4 iy =iTD(0) L +4iTC(8)ih. Tts eval-
uation along the trajectories of the electrical subsystem
gives as a result W' (6, 6, %, i) = —%iTC(Q)i9~iTRi+iTu.
Thus, after time integration, the passivity of this subsys-
tem is proved. The second part of the fact is proved in
a similar way by considering the time derivative of the
kinetic co—energy function, along the trajectories of the
mechanical subsystem, given by K'(8) = —6 (T, — T.).
Again time integration of this last expression completes
the proof. JAVAVAN

Once the application of the passivity—based approach
has been justified and with the aim of simplify the pre-
sentation of the proposed controller, it will be useful to
point out that motor model can be written in matrix form
as

D(G)% + C(0)6i + Ri u (4.1)

Jo = T.(0,i) —TL(6,0) (4.2)

where D(0) = diag{L1(9), L2(8), L3(8)} is the inductance
matrix, C(0) = diag{K1(0), K2(0), K3(0)} and T.(0,:) =
2iTC(6)i is the generated torque.

The main result of the paper is presented in the follow-
ing '
Proposition. Consider the model of a SRM given by

(4.1)-(4.2) in closed loop with the control law

dig
dt
where the gain matrix K, = diag{K1,, Koy, K3y} is
given by K, = ¢1|0|Z3 with ¢; > N,l; and 73 the
identity matrix.

u = D(0)—== 4+ C(0)0iq + Rig — K,e (4.3)

The desired current phase behavior 44 is

. 2mj(0)TdK'_l(0) if
tjd = J
0 otherwise

K;(0) #0

(4.4)
with T the desired torque and m;(6#) the sharing
functions introduced in section 2. Also, the desired

torque is related to the speed error 6 = 6 — 64 by
Ta(2) = JOq — 2+ T1,(6,6) (4.5)



G. Espinosa Pérez, P. Maya Ortiz, M. Velasco Villa, H. Sira Ramirez: Nonlinear Control of a Simplified Model for Switched ...

with controller state # = —az -+ bf.

Under these conditions, asymptotic speed tracking is

insured, i.e. lim¢ o0 6 = 0, with all internal signals
bounded.

Proof. If the current error is defined as e = ¢ — 74, model
(4.1) can be equivalently written as

D(0)%:1 +C(0)0e + Re = ® (4.6)

where & = u — {D(@)%’;‘:i + C(6)big + Rid}.
Then, considering the proposed controller (4.3), expres-
sion (4.6) takes the form

D(o)‘;—; n [C(o)o' + R+ K,|e=0

Since D(9) is a strictly positive definite matrix, this last
equation can be re-arranged as

d R

=070 [0 + R+ K] e

which, due to the diagonal structure of the matrices, de-
fines a set of three decoupled linear time-varying differ-
ential equations of the form

de;(t .
—cht( ) = —aj(t)e;(t); j=1,2,3

where it is sufficient to show that a;(t) always remains
positive to insure the exponential convergence of the cur-
rent error to zero. This positivity condition is guaranteed
if the inequality

2\ .
N,y sin <NT9—(j—1)—37£) f+r+Ky>0 §=1,23

holds, condition that is satisfied with the proposed value
for the gain matrix. Thus, under these conditions, the
first step of the passivity-based design is achieved.

In order to prove that current tracking implies torque
tracking, consider the definition of the desired torque
given by

Ty(8,iq) = %if()’(@)id

Torque convergence is proved by considering that in
this case the difference between the generated and the
desired torque is given by

1 1
Te—Ty= EiT C(6)i — -2-{50(0)2',1

This expression leads, after some easy calculations, to

|Te — Tl < calle]| + eallial [le]

with a3, as positive constants, and where it can be seen
that current tracking implies torque tracking provided the
desired value of currents i4 is bounded.

In order to obtain the desired behavior for the current
vector, a torque sharing approach is followed. First, no-
tice that the desired torque is obtained from the desired
torque defined for each phase in the following way

1. . 1. . 1. .
= Ez?dKl(ﬁ)nd + -2—15;1(2(0)1201 + Ezgng(ﬁ)z;s,d

If the torque sharing approach is adopted, the expression
above must be equivalent to

Ty

Ty =m1(0)Ty + ma(0)Ta + m3(0)Ty

which is satisfied with the proposed value for the desired
current behaviour.

The final step in the proof is to show that speed error
also tends to zero and that the internal stability of the
overall system is guaranteed. This can be done by follow-
ing exactly the procedure developed in [8] for the case of
induction motors. AAN

The following remarks are in order about the proposed
controller:

¢ It is interesting to note, that finding an expression
for the desired current behaviour does not require any
Blondel-Park transformability property for the machine.
In this sense and at least for this kind of systems, the
result presented in [4] is extended here.

e Regarding torque control, it must be noticed that
this problem is in fact solved when the second step of the
followed design methodology is achieved. On the other
hand, the position control problem can be solved, again
following ideas of [8], by modifying (4.5) in the following
way iy i .

Ty(z) = J04 — 2z — fO+TL(0,0)

where f > 0 and § = 6 — 8 is the position error.

The performance of the proposed control scheme was
investigated by digital simulations. The considered motor
parameters are the same as in [2], N, = 4, lp = 30mH,
Iy = 20mH, r = 5Q, J = 1073kg — —m? and the load
torque, for simplicity of presentation, was set to zero.
With the aim to illustrate the global properties of the con-
trol, the motor was initially at standstill. Figure 1 shows
the speed behavior when a square wave of +100rad/sec
of amplitude was used as a speed reference. The electric
gain was set to K,; = 5 while filter values were varied as-
a = 75,150,175, b = 10 each cycle of the reference. In
this figure it can be observed how the mechanical tran-
sient response is improved as the damping inyected by
the controller is increased. On the other hand, to ilus-
trate the electrical perfermance improvement when the
electric gain is increased, in Figure 2 the current error for
phase one is shown for three different values of this para-
meter K,; = 1,5,10. Also concerning with the electrical
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performance, in Figure 3 it is shown the actual behavior
for the torque error under several values of the electric
gain K,; =1,5,10.

5 Conclusions

The control problem of a nonlinear model for SRM
was approached in this paper. The main result is re-
lated with the proposition of a control law that solves
the torque/speed/position tracking control problem ap-
proaching the torque generation problem from a torque
sharing perspective. The control law is designed exploit-
ing the energy—dissipation (passivity) properties of the
motor model by decomposing it as a negative feedback
interconnection of the electrical and the mechanical (pas-
sive) subsystems. The methodology design resemble the
well-known cascade control and does not lie in Blondel-
Park transformability arguments, as previously reported
passivity—based designs.
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