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Abstract: In this paper a mechanical sensorless control of Switched Reluctance Motors (SRMs) scheme
of an electric vehicle (EV) powertrain is presented. The aim is to develop a soft sensors implementation
for position and speed measurements of SRM. This contribution is focused on an extended Kalman
filter and a sliding mode observer. The proposed observers are designed to generate speed and
position estimations with the purpose of achieving highly robust speed control. The performances
of these two observers are assessed and their robustness are analyzed. The design also includes a
robustness analysis of the proposed mechanical sensorless control scheme under conditions which
take the parameter variations and the load torque into account. To carry out this work, experiments
are highlighted on an experimental test bench of 8/6 Switched Reluctance Motor prototype.

Keywords: Switched Reluctance Motor; electrical vehicle; robust control; sliding mode observer;
extended Kalman filter

1. Introduction

Currently, air pollution is a major concern in our society due to its impact on public health and the
environment; for example, road transport accounts for a very large part of greenhouse gas emissions.
It therefore becomes essential to find new alternatives to travel, to adopt new transport practices
to remedy these environmental problems. The most promising solution for reducing urban traffic
congestion, reducing air pollution, and improving the urban environment is the use of electric vehicles.
Indeed, the powertrain of an electric vehicle differs significantly from the conventional vehicle. Figure 1
shows the basic configuration of the electric powertrain. This powertrain can be devised into two
parts, which are the powertrain system (motor, converter, gearbox, sensors, etc.) and power supply
system ( battery pack, fuel cell, DC/DC converters, etc.) [1,2].

Many efforts are made in research and development in order to achieve the same level of
performance of conventional combustion engine vehicles. To achieve this end, the objective is to
adapt to the various constraints linked to the design of electric motors [3,4]. Furthermore, the control of
an electric powertrain nevertheless requires precise knowledge of position and speed of the motor shaft.
Usually these informations are provided by sensor. There are still a few drawbacks associated with this
one. It therefore represents the weak link in the control chain. Indeed, in addition to the size and the
difficulty of adaptation and mounting on all types of training, it is delicate and expensive. However,
its function can be fulfilled by combining electrical measurements with calculation algorithms to
reconstruct of position and speed.
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Figure 1. Electric vehicle powertrain system.

In addition, several methods of position estimation have been proposed in the literature [5-10],
on how to counter the problems the reliability of the sensors in a complex and hostile operating
environment, including electric powertrain . Therefore, designing complete observers (both position
and speed estimation) is a necessary step for control tracking, diagnosis, and other fault-tolerant
control design problems. Indeed, the expected result is to develop two sensorless control schemes
devoted to the electric vehicle (EV) application. For this purpose, an extended Kalman filter observer
and sliding mode observer are particularly interesting for EV applications because they are considered
more robust observers for rebuilding the state of the Switched Reluctance Motor (SRM) in relation
to other estimation techniques. The importance of such a robust state estimation is to ensure high
dynamical performance and robustness under various operating conditions needed in an electric
vehicle environment.

This work consists of a comparative study between the two observers (sliding mode observer and
Kalman filter) in order to benefit from each observer in a wide operating range of vehicle speed. Indeed,
the proposed observers are combined with a robust control strategy to reduce the effects of parameter
uncertainties and variations and thus ensure high dynamic performance and robustness needed in
an electric vehicle environment. Robust He, controllers are designed to enhance the robustness of the
overall mechanical sensorless SRM drive system. The errors in speed and robustness analysis against
load torque disturbance and parameter variations are presented as well. Moreover, this work will
serve as a basis for future work on the position, velocity sensor fault diagnosis, including for further
development of the of a fault tolerant control with online reconfiguration using the voting algorithm.
The outline of this paper is as follows: Section 2 describes the details of SRM behaviour. Section 3 deals
with the encoderless architecture of the SRM. Furthermore, to show the effectiveness of the proposed
approach, experimental validation is considered in Section 4. Conclusions are drawn in Section 5 to
close this paper.

2. Modeling of Switched Reluctance Motor

The operation mode of SRM motor requires knowing the magnetic position which corresponds
to the linking flux as a function of the phase current for the angles of the rotor. These different
quantities are essentially obtained either by numerical calculations or by experiments. In this work,
we have relied on the Finite Element Method (FEM) which is illustrated in Figure 2. The strong
nonlinearity of the magnetic characteristics of the SRM could be introduced in the mathematical model
of the motor either, by the use of polynomial interpolations directly provided in a lookup table. It is
further considered that the nonlinear electric part of the SRM is represented by curves. However,
the mechanical behaviour is described by state space representation.

To analyze and describe the behavior of such motor, a mathematical model is needed. Indeed,
the overall behavior of SRM motor can be described by the following equation system [3,10,11]:
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The first Equation (1) corresponds to the electrical equation, while the second one (2) and the last
one (3) correspond to the fundamental principle of dynamics of the SRM rotor. The nonlinearity of
the magnetic characteristics of the variable reluctance motor could be introduced in the mathematical
model of the motor, either by the use of polynomial interpolations directly on the digital data of the
flux or of inductance.
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Figure 2. Finite Element Method (FEM) flux linkage and static torque curves. (a) Flux-linkage.
(b) Static torque.

3. Sensorless Control Scheme of the SRM

3.1. Design of Hoo Control

The main motivation consists in developing controllers that are both efficient, easy to implement,
and embeddable. To achieve this, emphasis is placed in particular on the design of controllers
minimizing the He, norm by taking into consideration the constraints imposed by the electric
powertrain application. It is renowned for its performances and robustness properties against
parameters uncertainties and disturbance rejection. To design a sensor control scheme of the SRM,
one relies on cascaded speed/current loop. Such a strategy has allowed us to eliminate the strong
coupling between the electrical and mechanical variables. Furthermore, the control methodology of
the inner and outer loop are designed separately [12]. As we can see from Figure 3, the considered
cascaded loop consists two nested loops. The first one corresponds to the internal loop (slave loop),
aims to control phase currents. The task of the second one, external loop (master loop) is to track the
reference SRM speed.
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Figure 3. Sensorless speed control Switched Reluctant Motor (SRM) drive scheme.

The remainder of this work is dedicated to the real implementation of robust sensorless control
of SRM within an (EV) embedded context which controller order must be taken into account. At this
end, the elaboration process of fixed structure Ho, controller for the studied motor was addressed in
detail in a previous work of our team. For more details, interested readers are invited to consult [13,14].
To control the speed and the current loops via the fixed He approach, we relied on the diagram
given in Figure 4 where G corresponds to the mechanical and electrical dynamic, K is the controller,
W corresponds to the reference and disturbance signals, Z is related to the outputs which be controlled,
Wi, Wy and W3 are weighting functions, introduced to ensure trajectory tracking performance,
robustness and limitation of the control and disturbance rejection.

e The designed controller K(p) is structured with parameter p € R".
e The purpose is to find v and compute K(p) which stabilizes the system and minimizing the

following norm [15]:

<7y @

HOO

IFe (PK (p))]l = || [Cat (K (0)) (s1-Ad (K (p)))"Bar (K () +Dat (K (p))]

¢  The resolution of optimization problem (4) is obtained by using a numerical non-convex
optimization algorithm.

Figure 4. Hy, design procedure.

3.2. EKF and SMO Observers Design

In this section, we focus on the design and the performances of Extended Kalman Filter (EKF)
and Sliding Mode Observer (SMO). The proposed observers were integrated with the robust control
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presented above. Comparative study should enable us to assess the performance and robustness of
these sensorless control schemes using the estimated of speed and position of SRM. The Extended
Kalman Filter (EKF) is based on the merging the measurements and the physical model to build a
better estimate of the system’s state. EKF estimates the state at time k + 1 from an estimate at time k
and measurements at time k + 1. The estimation consists of two steps: the first one concerns the state’s
prediction of the evolution model and while the second one is the correction of the prediction from the
measurements. In addition, the Sliding Mode Observer (SMO) is designed from the theory of variable
structure systems.

3.2.1. Extended Kalman Filter (EKF)

This paragraph presents the SRM sensorless control design with an Extended Kalman Filter (EKF).
Considering the SRM behaviour’s given by a system of Equations (1)—(3), a vector format can be
deduced in which x corresponds to the state vector, u is the input (measurement) vector and y is the
output vector: x = [i;, (0,6, T:]', Yp = [ij]t and u = [V]]t

The system of Equations (1)—(3) can be discretized and rewritten as:

X1 = f (k) + w 5)
Ypp = h(xy) + v

where f and h are the functions used to compute the predicted state and measurement respectively.
wy and v represent the process and measurement noise with normal probability
distributions respectively.

w ~ N(0,Q)
{ o ~ N(0,R) ©)

The process noise covariance Q and the measurement noise covariance R are assumed constants.

The Kalman filter has the prediction and the update phases:

The prediction phase uses the estimated state of the previous instant to produce an estimate of the
current state. In the update phase, the observations of the current time are used to correct the predicted
state in order to obtain a more precise estimate. These different phases are summarized in the Figure 5.

For a straightforward application of this algorithm to the SRM, the observer model can be written
from the linearization of (5) as:

Rep1 = A(f)- 2 + B(£g)-ug + K @)
Jx = C.%
where £ is the estimation of x, A, B are the Jacobian matrices of partial derivatives of f with respect to
x and to u and C is the Jacobian matrix of partial derivative of 1 with respect to x respectively.

[n
af[ ]
- )? Mk) (8)

EL

Cpram) = 5, (%)

A[nm] )je[]( P, Ug)
— Y

Bjyy =

with n = m =7 and r = 4, the elements a,, ,) of matrix A and the matrix B are giving in Appendix A,
where T; is the sampling time. The matrices Q and R are chosen by an iterative method in such a
way that the estimation errors are steered towards to zero in finite time and filter stability is ensured.
The numerical values of Q=15 x 1074 I,,, R=4.75 x 107! I,,.
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Figure 5. Discrete Extended Kalman Filter block diagram.

3.2.2. Sliding Mode Observer (SMO)

In this subsection, the design of observer for the SRM based on the sliding mode technique is
proposed. The aim is to estimate the rotor position and speed. According to the mechanical equations
of the nonlinear model of the SRM ((2) and (3)), the sliding mode observer can be defined as follows [16]:

fl—i:ﬁ+K9|e|%.sign(S) ©)
4 — % (T(é,ﬂ —Tr —fﬁ) + Kq.sign(S)

where 6, () and T are the estimations of 8, Q) and T respectively. K4 and K, are the SMO gains. S is
the SMO switching surface which compares measured electrical variables with their corresponding
estimated values.

The sliding mode observer for SRM can be built that brings the estimation error for all estimated
states (position and speed) to steer toward zero in a finite. The sliding surface can be defined as the
position observation error.

Now, the first step consists of defining the observation errors:

e (£) =0 (t) = B(1) (10)

eq (t) = Q1) — Q) (11)

From (10), the dynamic of the error is:

deg d6 db
d T drdt 12
Replacing (9) into (12), we obtain:
d€9 . A I
E_Q_ (Q+ Kpyle|2.sign (S)) (13)
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%:eQ—K9|€|%.Sing (S) (14)
In the same way as above, we express the error speed dynamic:
de dQ dO
A at (1)
Substituting the two Equations (2), (3) and (9), we obtain the following equation:
de 1 . s o A .
=2 = ; [(T(G,z) T, - £.Q) — (T(T(G,D) _ —f.Q)} — Kq.sign(S) (16)

It is assumed that the gain K¢, is chosen to be large enough so that the first term in Equation (16)
can be neglected, the speed error dynamics become:

dEQ

dt

The proposed observer requires that the condition of stability be proven, we give in this work

some basic elements of stability proof by using the Lyapunov concept. To ensure the stability of the
proposed sliding mode observer, one defines the following function:

= —Kq.sign(S) (17)

L

The derivative of the (18) is:
Vg = epby = egen) — nggsign(S) (19)
To keep the function (19) negative, the following conditions must be verified:

* S must have the same sign as ¢
*  Kp>leq]

Therefore, éy will have a different sign of ¢y and the estimation error converges to the
sliding surface in finite time. When the sliding surface is reached, the speed estimation error eq
converges to zero exponentially. To meet these requirements, the surface function is given by the
following formula [17]:

N A 27
S= inf—(—1) —=|(—1 20
];sm[ (-1 yNE-D (20)

The discrete time formulation of the sliding mode observer used for real time implementation is
expressed using the first-order Euler’s approximation as:

{ (k+1) = (k) + [()(k) + Ky |S|2 sign (5)] T, o
Qk+1) = Q@) + [ (T =T - £O®) +Kasign (5)] T,
where the estimation errors are: R
eg (k) = 6 (k) — 6(k) (22)
eq (k) = Q (k) = Q (k) (23)

The estimation error dynamics are given by the following equations:

eo (k+1) =e (K) + (en (K) —Kgle|2 sign (S (k)) ) T, (24)
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eq (k+1) =eq (k) —Kq.sign (S (k)) .Ts (25)

where T is the sampling time interval which must be smaller than the SRM electrical time constant.

4. Experimental Validation

Extensive laboratory experimental simulations were conducted in different conditions to evaluate
strongly the benefits of our study. With the increasing accuracy of SRM machine and the use of
standard drive profiles (New European Driving Cycle (NEDC) and/or Extra Urban Driving Cycle
(EUDCQ)). Laboratory experimental simulations ( Hardware In the Loop (HIL) approach) have become
a valuable step before reel validation. An overview of the experimental platform is depicted in Figure 6.
A brief description of this test bench is given in this section. It consisted of Switched Reluctance Motor
coupled to an electromagnetic particle brake used as load torque unit, a power inverter (asymmetric
half bridge converter), and a dSPACE 1005 control unit with a sampling time of 100 us. In addition,
the test bench was completed by various sensors: a torque transducer to measure the mean torque
(Honeywell model: 1104-500, Capacity: 55 Nm), an encoder to measure the angular position and speed
of the motor, and 4 Hall effect sensors to measure the electric phase currents.

- electromagnetic I . N
Suitened particle brake DC motor

Reluctance Torque
Mator transducer

Hall effect power inverter

currents sensors

Figure 6. Experimental platform of GeePs Laboratory.

Real time validation was performed to assess the performance and analysis the robustness of
SRM speed sensorless. For this purpose, EKF and SMO observers were integrated separately into the
control scheme presented in Figure 3. As shown in this figure, only the measurements of electrical
variables were used for the control; the position and the speed were provided by observers.

Figure 7 provides an overview of measured and estimated SRM speed profile. This profile
consists of different speed steps. From this figure, one can notice that the estimated speed converged
asymptotically toward the measured one. Moreover, the obtained performances were good, both in
terms of dynamics and in statics. In addition, it can be concluded that the proposed observers presented
a good speed tracking performances. However, the sliding mode observer’s tracking performances
were better than those of the extended Kalman filter at low speed, while the tracking performances of
the extended Kalman filter were considerably better at medium and high speed (as shown in Figure
7). A quantitative comparison of these different errors is summarized in the Table 1. Furthermore,
the measured and estimated of torque and current are shown in Figure 8.

The obtained performances were good, both in terms of dynamics and in statics.
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Figure 7. SR motor speed estimation by Extended Kalman Filter (EKF) and Sliding Mode
Observer (SMO).
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Figure 8. Torque estimation and current estimation by EKF and SMO. (a) Phase current estimation by
EKF and SMO. (b) Torque estimation by EKF and SMO.

Moreover, the robustness of the sliding mode observer and the Extended Kalman Filter against
load torque disturbances was tested by introducing a load torque variation during steady state.
Figure 9a,b illustrate the observer’s response to 2.5 Nm of load torque variation. From these figures
one can see that the estimated electromagnetic torques evolved accordingly to compensate for the
load torque disturbance, which confirms that the two observers were able to track the speed reference
trajectory with respect to load torque variation. Furthermore, to demonstrate the robustness of
the proposed observers, additional tests were conducted by varying the mechanical and electrical
parameters. For this end, the numerical values of the observers design, including the moment of
inertia, friction coefficient, the resistance, and self inductance were elevated by 25% compared to their
nominal values. The obtained experiments following this test are presented on Figure 9c—f. These
figures illustrate the SRM speed responses under the considered robustness. Through analysis of
this test, we can notice that the control scheme remained stable. Moreover, the proposed observer’s
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architecture presented a good reference tracking and ensure the robustness with respect to these

parametric variations.

e Measured speed
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Figure 9. Observers robusteness experiment tests. (a) Speed tracking profile against load torque.
(b) Torque estimation by EKF and SMO. (c) EKF robustness test against to electrical parameters.
(d) EKF robustness test against to mechanical parameters. (e) SMO robustness test against electrical
parameters. (f) EKF robustness test against to mechanical parameters.

In order to assess the performance of the observers offered as part of the electric vehicle application,
the robust control diagram fitted with these observers was tested with a standardized driving cycle as a
speed reference, which is the New European Driving Cycle (NEDC). The experimental results following
this test are presented in Figure 10. This figure shows that the objective of the sensorless control is
achieved. The obtained performances are very satisfactory, both in steady and transient conditions.
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Table 1. Relative error of the estimated speed.

Observer Tvoe Relative Error Relative Error Relative Error
M at Low Speed  at Medium Speed at High Speed

Sliding mode 0.1% 0.2% 2%

observer

Extended Kalman 3% 0.15% 0.1%

Filter

5. Conclusions

This work is dedicated to the presentation of our contributions on robust control approaches
coupled with the sensorless schemes for Switched Reluctance Motor (SRM) in case of electric vehicle
applications. The cost of the mechanical sensor, its vulnerability and the loss of its reliability, led us to
deal with the sensorless control approach.

Indeed, the contribution of this paper is how to counteract sensor reliability problems in harsh
environments, the complexity, and the expensive cost to the system. Therefore, the designing of a full
state observers (both position and speed estimation) is a necessary step for control tracking, diagnosis,
and other Fault tolerant control (FTC) design problems. For such needs, we opted for two observers,
the first one was the Extended Kalman Filter and the second one was based on Sliding Mode Observer
(SMO). These observers are renowned for their robustness towards parametric uncertainties and
external disturbances.

Experimental tests were carried out on a four phase SR motor prototype to prove the effectiveness
of the sesorless architectures. Moreover, a robustness test of the control scheme has been performed.
These observers were still able to build the estimated speed and rotor position under both mechanical
and electrical parameter variations and against load torque variations. Through the experimental tests,
the speed estimation built by SMO observer was better than the EKF speed estimation at low speed,
while the EKF was suitably efficient for the medium and high speed range.

In future works, the aim is to extend the study in order to take into account the sensorless control
during braking and very low speed operation of the electric vehicle, as well as to propose one or more
new sensor fault tolerant strategies based on modern approach control theory.
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Nomenclature

SRM modeling parameters:

Notation Definition Unit
N Number of phases j=1.N=4
N, Number of rotor poles 6
i Phase current A
v Phase winding voltage 14
R Ohmic resistance of the phase ~ Ohm
L; Self inductance of the j phase  H
E Back e.m.f |4
We Co-energy ]
0 Rotor angular position rad
Q Angular speed rad/s
T Electromagntic torque N.m
T Load torque N.m
f Friction coefficient N.m.rad1.s
] Moment of inertia kg.m?
¢ flux linkage Wb
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a1 = A2 = A3 = gy = gp = A7 = 0, dg5 = Ts
a71 = ay = azz3 = dyy = ays = aze = 0, a77 = 1.
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