Mathematics and Computersin Simulation 71 (2006) 466475
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Abstract

The main subject of this paper is to present a new simplified global model for the switched reluctance machine (SRM), useful,
namely, for the command and control analysis of thiskind of system. The concepts of power and energy are used in the global model
construction, with the definition of global parameters and variables. This new global model presents an advantage over the classical
detailed one, which is the reduction of the number of dynamic equations. The time-dependent global parameters disadvantage,
which appears in the model construction process, is overcome with the consideration of average values for global variables and
global parameters, alowing the representation of the machine non-detailed behavior. An average values global model is obtained.
An 8/6 SRM with four phases, eight stator poles and six rotor polesis characterized and used for illustration of the system behavior,
regarding its variables evolution. In the SRM command it is assumed that the m.m.f. is imposed, which means that the system
current is controlled.
© 2006 IMACS. Published by Elsevier B.V. All rights reserved.
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1. Introduction

The switched reluctance machine (SRM) has been under particular attention of researchersin the last two decades.
The technological progress, particularly in thefield of electronics and informatics, stimulates the development of new
and better solutions to improve its performance.

A consequence of thisis the significant position that the SRM is assuming nowadays in the industrial and domes-
tic markets [3], replacing successfully other types of electrical machines, mainly because of its good performance,
robustness and low cost.

The working principle of the SRM is simple and well known [2,1]. Nevertheless, its dynamic modeling and the
physical interpretation of its behavior are not always so simple. To thisfact contribute the machine magnetic saliencies,
both in stator and rotor, and consequently its non-linear characteristics.

The main subject of this paper is to obtain a new model for the SRM, useful for studying the system behavior
particularly for the system command and control analysis. The purposeis not only to obtain anew globa model likein
[5], but a smplified global model, with the definition of non-time-dependent global parameters and global variables.
Effectively, using the power and energy concepts, a model is constructed with global parameters and variables. The
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introduction of global variables, like a global current, a global voltage and the angular position of the global current,
with the introduction of global parameters, like the global circuit resistance and the global circuit inductance, are
integrated in a methodology in order to obtain an average values SRM model.

The new model is obtained in two steps. In the first one, the definition of global parameters and variablesleadsto a
simpler SRM model when compared with the classical detailed one. Usually the number of electrical equations, used
in the SRM models, is equal to the number of machine phases and with this approach only one electrical equation is
considered, having a significant reduction in the number of dynamic equations. However, some difficulties are still
present, in special, the structure of the global parameters that are time-dependent through their dependence on other
variables. Thisisthe motivation for the second step, when average values are considered and an average val ues global
model for the SRM is obtained.

The new model is a significant simplification of the system dynamic representation and has the advantage over the
detailed one of having, not only a reduced number of dynamic equations, but also non-time-dependent parameters,
which isimportant regarding the SRM global behavior study and the control analysis.

The model for the SRM is obtained and tested in atypical situation, with some assumptions regarding the machine
behavior, particularly the number of phases that are energized at atime. The usual command of this machine, char-
acterized by the feed of one phase at atime, and the current in two phases during the commutation process, is taken
into account. The results, obtained with the global model, are compared with the results obtained with the detailed
model.

An 8/6 SRM with four phases, eight stator poles and six rotor polesis characterized and used to illustrate the system
behavior.

2. SRM detailed model

The SRM dynamic model usually used is based on the circuits' theory and it is assumed that the machine has the
same number of electrical circuits as the number of machine phases.

In this context, for each phase/circuit Eq. (1) can be written, where j denotes the phase/circuit, uj the phase/circuit
voltage, ij the phase/circuit current, ¥ the phase/circuit coil linkage flux and R the phase/circuit resistance, which is
assumed to be the same for every phase/circuit.

. dyy
uj= Ri it dil‘J (D]
This means that for a SRM with n phases/circuits one needs to consider n equations as (1).

To have the complete detailed model it is necessary to consider the mechanical Eqg. (2), where the dynamic torque
balanceisrepresented. In this equation, » represents the machine angular speed, T, the electromagnetic torque, T, the
load torque and J is the inertia momentum.
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The electromagnetic torque is obtained by (3) where Wey, is the magnetic co-energy and 6 is the rotor angular

position.

IWen
To = 3
€T (3)

Finally, to complete the model, it is necessary to establish the functional relations (4) for each phase coil linkage flux
and for the magnetic co-energy.

w‘](09 119 ) in)’ WCm(ev ll’ Tty ln) (4)

3. SRM global model

The purpose of this approach is to obtain a smpler dynamic model for the SRM, which means, in afirst step, to
reduce the number of system equations.
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The knowledge of the machine operational principlesis useful, namely the fact that usually only one or two phases
are energized at atime. With this assumption, the new system representation, in afirst step, can be done without any
loss of information.

The first goa is to replace the n circuits, related to the n phases of the machine by a lower number of circuits —
global circuits. Attending to the operational characteristics of this machine, it will only be defined one global circuit,
with aglobal current i defined by (5)

i= i (5)
j=1

The current in each phase ij, can be written as in (6), where y; denotes the partition of the global current by the n
circuits of the machine.

ij = )/ji (6)

The global voltage of this circuit u can be defined using the electrical power supplied to the machine p, which is
equal to the sum of the power supplied to each phase pj as presented in (7),

n n n
p:Zm:Zujij: (Zujyj)i_ui @)
In this way, the global voltage of the global circuit u is defined by (8)
n
u= Zujyj (8)
j=1

This voltage u can be seen as the voltage of the physical system power supply when only one phase is energized.
Otherwise, the physical meaning of u may be seen as the necessary voltage in the global circuit to obtain the same
existing m.m.f.

Using Eq. (1), the total electrical power p can be written as (9)

n n n
. . dy;
p= Zuj)/jl = RZ:)/JZI2 + Zdit])/jl (9)
j=1 j=1 j=1

By analogy with the global voltage, it is possible to define the global linkage flux v , as presented in (10),

v=> ¥y (10)
j=1
Taking into account the definition of the phase linkage flux, expressed in (11) as
IWem
_ 11
vi= 5 (11)
It can be obtained the time derivative of the global flux (12)
dy  ~dy; 1~ dWem dy;
- = Vit *.Z T (12)
dr = dr i dy; dt
With this result, the expression of the global power (9) can be re-written as (13)
d'g// " 8Wcm d)/
S i 13
p=Rea iy, 2. dy; dr (13

j=1
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where Req isaglobal parameter, the global resistance of the global circuit, and is defined by (14)
Reqg=R) v% (14)
j=1

Dividing (13) by the global current i, the electrical equation of the global circuit (15) is obtained, where some global
variables and parameters are presented.

dy 1= dWem dy;
= Reqi 4+ — — = s}
= Real oy i; dy; dr

(15

To go forward with the global modeling it is useful to define anew global variable o which is an angular position that
represents the angular position of the global current i which means, in a particular sense, the angular position of the
energized coils. If more than one phase is excited, p can be seen as the “angular gravity centre” of the global current.

In these conditions, yj, with j=1...n, that represent the total current partition among the machine phases, are
functions of the new variable p (16),

vi = vip) (16)

The electrical equation of the global circuit isthen re-written (17) using the previously defined global variables and
parameters.
dy _ 13Wem dp

— Regi + —
= Real 5, i op dr

(17)

The set of the system global variables is completed with the mechanicals variables 6 and w, respectively the rotor
angular position and the machine angular speed.
With the defined new global variables the functional relations (4) are then written as (18)

w(l’ 93 p) WCI’TI(’? 07 p) (18)

The mechanical Eg. (2) maintainsits form and the electromagnetic torque is also obtained by the same Eq. (3).

The developed model was obtained considering the SRM working principles and characteristics and presents a
formal simplicity over the detailed one, because it has a lower number of dynamic equations. However, the global
parameters are not constants, being time-dependent through their dependence on variables, which still represents a
problem for the system analysis and simplification.

Besides the advantage of reducing the number of dynamic equations, this global model can aso be seen as away
to find amore simplified model with assumptions regarding the system global parameters and variables behavior.

4. SRM average values global model

A more simplified model, which will represent the system global behavior, can be obtained considering average
values of itsglobal parameters and defining average values global variables. Of course, that with this simplified model
the detailed evolution of the system global variables is no longer possible. It isjust possible to obtain the important
general and global description of the machine behavior.

Using (17), the average value of the system electric power is defined by (19),

- . . dy OWem dp
— — 2 7N em =~
pom = (o) (1)~ (75 a
where (xy) represents the (x y) average value. Eq. (19) can be written as (20)
> <Ay OWanmdp
=(Reg)i’+i—— —L 4 A 2
pe <eq>l+ldt ap a t (20)

where x represents a new variable that is the average value of the global variable x.
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Considering the global current i, approximately constant and also an approximately constant machine speed w in
each electric period, it is possible to write the following electrical Eq. (21), where A was neglected in this situation.
This equation is a part of the SRM average values globa model.

_ — dy 10Wendp
= (Rea) i+ 5~ T @ @
The mechanical equation will be represented by (22)
do
J— =T — T 22
a — et (22)

To better understand this model construction and development, it isassumed, from now on, the absence of magnetic
saturation and the existence of null mutual inductances [4]. With these assumptions it is possible to establish the
following functional relations:

Y=Y LiO)yH(p)i=Lei (29)
j=1
1 - 2 .2 1 .2
Wen = 5> _LiO)j(0)i* = ;Leg (24)
j=1

where anew global parameter was introduced. Leq is the inductance of the global circuit, defined by (25),

Leg=) Lj©O)yi(p) (25)
=1

With these relations and parametersiit is possible to rewrite the previous electrical Eq. (21), as (26),

_ — di  /0Leg\ — ILeq\ dp—
= (R Leq) — — — ) — 2
U= (Reg)i+( eq>dt+< 0 >a)z—|—k< 8,o>dtl (26)
In the mechanical Eq. (22), the average value of the electromagnetic torque is defined by
— 1/dLeg\ o
Te=5{ %5 27
e 2< 9 >’ @7)

This new simplified model has the advantage over the classical detailed one of having, not only a reduced number
of dynamic equations, but also non-time-dependent parameters, which is important for the system global dynamic
analysis.

5. SRM characterization

To illustrate the system behavior and the performance of the new model, it is considered an 8/6 SRM with four
phases, eight stator poles and six rotor poles, which cross-section is represented in Fig. 1.

The values of some constructive parameters of the machine, given by the manufacturer, are: Bs= By =22,5°,
R=13[], Lj,,=0.0119[H], L}, =0.1112 [H]; where s and B, are the pole arc for stator and rotor, respectively.

Considering the absence of magnetic saturation, as previously referred (independence of Lj fromij) and attending
to the machine geometry, the evolution of the self-inductance of each of the four phases, can be drawn, as afunction of
the rotor angular position, 6, for the corresponding mechanical period, which is 6<[—30°; 30°]. This Lj(¢) evolution
isrepresented in Fig. 2.

Another important aspect for the SRM characterization isthe evolution of the y; functions (thetotal current partition
among phases).

The y; functions depend on the global current position, p. To have a univocal definition of the p variable, and
attending to the usual operation status of this kind of system, it is considered the existence of, at maximum, two
contiguous phases simultaneously energized, during the commutation process. Outside the commutation process only
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Fig. 2. Self-inductance evolution of each phase, function of 6.

one phase is excited at atime. Otherwise, if more than two phases were considered to be energized at the same time,
it would be insufficient to have only one global current position variable.

With these considerations, alinear relation can be established between the y; functions and the p variable, resulting
on the y; evolution presented in Fig. 3, for amechanical angle period of pe[—90°; 90°].

With the definition and representation of the phase self-inductance (Lj(6)) and the total current partition per phase
(vj(p)), it is possible to represent the evolution of the previously defined global parameters, Req (0) and Leq (6, p),
which was donein [5].

6. Results

For studying and evaluating the new model performance it will be considered a particular, but representative,
situation of having acontrolled current, with the corresponding imposed m.m.f. It isthen possible to define acommand
law where the command variable, the global current position p varies with the rotor angular position 6 having alinear
transition between phase currents in the commutation process.
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Fig. 3. Phase partition of the global current, function of p.
Tablel
Command law
0-values Phases ON p-values
—-30°<H<-225° 4 p=45°
—225° <9< —15° 4and 1 p=45°—6(6 +22.5°)
—-15° <0< -75° 1 p=0°
—75°<6<0° land?2 p=—6(6+7.5°)
0°<0<75° 2 p=—45°
75°<0<15° 2and 3 p=—45° —6(0—7.5°)
15°<h<225° 3 p=-90° (=90°)
225°<0<30° 3and 4 p=90° — 6(9—22.5°)

This commutation process occurs during the ascending evolution of the phase self-inductance coefficients
(positive torque) and during the entire superposition interval for the angular rotor position and for contiguous

phases.

With these considerations the system command law is expressed in Table 1.
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Fig. 4. Time evolution of the global current position, p, for one rotor revolution.
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Fig. 5. Time evolution of the machine total current, i.

To have a better perception of this particular command law, a time evolution of the global current position —p —is
represented in Fig. 4, for one rotor revolution and where the total current is kept constant and the machine speed is
starting up.

Considering the SRM average values global model, an approximation of this command law should be performed
by:

— =k 28
dr 1@ (28)

With this command law approximation, the electrical Eq. (26) can be transformed in (29):

_ - di .
u=(Reg)i+(Leq) 5 + <<8§9€q>+k2<%§q>) i (29)

Having a controlled current, it is established aglobal current value time evolution like the one represented in Fig. 5.
A quickly total current transitionisinitially imposed and later asimilar quickly transition isimposed to thetotal current
(0,79).
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Fig. 6. Time evolution of the machine speed (detailed model (w) and average values global model (w)).
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Fig. 7. Time evolution of the global voltage (global model (u) and average values global model (u)).

With this total current time evolution, the evolution of the machine speed was obtained for the detailed model
representation and for the new average values global model (Fig. 6). The results illustrate the capability of describing
the global machine behavior, in this particular situation, of the new SRM average values globa model.

Fig. 7 adso illustrates the performance of the new model. The time evolution of the global voltage, previously
defined, isrepresented in both situations. The upper evolution refersto the global model, initialy obtained, which has
the disadvantage of having time-dependent parameters (but does not have any loss of system information), and the
lower evolution where the global voltage of the average values global model is represented. Thereisagood agreement
regarding the comparison of the average value for the upper global voltage (u) with the values obtained for the lower
global voltage («), with the average values global model.

A zoom over the time evolution of the machine electromagnetic torque is represented in Fig. 8 for the same essay.
In solid line it is represented the evolution with the detailed model and in dashed line it is represented the evolution
with the average values global model.

The purpose of this figure isto illustrate the SRM behavior. It can be seen that with the almost the time imposed
constant global current evolution, particularly in the commutation process, the el ectromagnetic torque could not have
a constant value (detailed model). To have a constant torque evolution, with no ripple, a non-constant global current
and a different command law should be established.
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Fig. 8. Time evolution of the electromagnetic torque (detailed model (Te — solid line) and average values global model (7e- dashed ling)).
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7. Conclusions

Anaveragevauesglobal model for the SRM was obtained and tested in atypical situation. Thismodel wasdevel oped
having fewer dynamic equations than the ones usually considered to describe the SRM behavior. In fact, the number
of electrical equationsthat is usually used in the SRM modelsis equal to the number of machine phases and with this
new model only one electrical equation is used.

Thisis possible with some assumptions regarding the machine behavior, particularly the number of phases that are
energized at atime.

The model was established in two steps. The purpose of the first one was to reduce the number of the system
dynamic equations. The obtained global model was simpler than the detailed one and was based on the typical
operating conditions of the SRM. No information was lost in this first step; however the presence of time-dependent
global parameters was a problem. This problem was overcome in the second step, when a major simplification was
introduced. It was considered the achievement of average values for the global parameters and new average values
global variables were defined.

For testing the new simplified model atypical situation was considered. An imposed m.m.f. was the base for the
obtained results, that validate, in thisimportant situation, the average values global model.
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