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Modeling and Nonlinear Control of Electric Power Stage in Hybrid
Electric Vehicle

A.Tahri, H. El Fadil, Josep M. Guerrero, F. Giri, F.Z. Chaoui

Abstract— This paper deals with the problem of modeling
and controlling the electric power stage of hybrid electric
vehicle. The controlled system consists of a fuel cell (FC) as a
main source, a supercapacitor as an auxiliary source, two DC-
DC power converters, an inverter and a traction induction
motor. The proposed strategy involves a multi-loop nonlinear
controller designed to meet the three main control objectives: (i)
a tight speed regulation in spite of torque load variations. (ii) a
good regulation of the DC link voltage; and (iii) a perfect
tracking of SC current to its reference. While a Lyapunov
based approach is used to control the DC/DC power converters
associated with the DC sources, the backstepping technique
combined with the field oriented control strategy are invoked in
order to control the induction motor. It is formally shown, using
a theoretical analysis and simulation results, that the proposed
controller meets all the objectives.

I. INTRODUCTION

It is widely accepted that the conventional oil production
will used up within 20 years (the natural gas production will
used up 10-20 years later), while world energy consumption
continues to grow at 2% per annum [1], among alternatives is
fuel cell fed by hydrogen . Owing to the energy supply
problem and environmental problems Proton-exchange-
membrane (PEM) fuel cell vehicles have become a major
topic of interest in academia and in the automotive industry.
A fuel cell system (FCS) has a relatively low power rate as a
power source. Moreover, it cannot recover the braking
energy. As a result, an FCS alone is not the best solution for
the performance of a vehicle; therefore an auxiliary power
source is needed [2]. The energy storage system (ESS) can be
implemented with either a supercapacitor bank or a
rechargeable battery, this work considers the supercapacitor -
based ESS.

The major advantage of this technology is that the power-
capacity rating of the fuel-cell system is required to meet the
average demand only, rather than the peak demand. This
makes the fuel cell hybrid system FCHPS more energy
efficient than using the fuel cell alone in powering the
vehicle. Secondly, rapid load variations may induce oxygen
starvation and thereby cause permanent damage to the
proton-exchange membranes of the fuel cell. In contrast, the
supercapacitor exhibits superior performance in providing
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peak power, despite its significantly low energy density.
Combining an FCS and a supercapacitor bank can provide
power system with both high power and energy densities.
Thirdly, the FCS generates electric power directly from
hydrogen, but a reverse power flow is impossible; the
supercapacitor bank therefore provides a reservoir for the
regenerative use of electricity [3]. Cell technology
demonstrates its high potential in terms of efficiency
especially for application in passenger cars, even if many
progresses are required for reducing costs and improving
reliability in dynamic conditions.

In the other hand, induction motors are suitable for automotive
application by their interesting power/mass ratio, relatively low
cost and simple maintenance. One of the most popular control
strategies of the induction motor is the field-oriented control.
Many works have studied the control of isolated FC-SC DC
sources [4], [12] whereas numerous researchers have
analyzed control strategies for the association inverter-
induction motor [5], [6], [13]-[15].

In the present work, we will develop a new control strategy that
simultaneously accounts for all system components i.e. the fuel
cell source, the supercapacitor, two DC-DC power converters an
inverter and a traction motor. The proposed strategy involves a
multi-loop nonlinear controller designed to meet the three
main control objectives: (i) a tight speed regulation in spite
of torque load variations. (ii) a good regulation of the DC
link voltage; and (iii) a perfect tracking of SC current to its
reference. While a Lyapunov based approach is used to
control the DC/DC power converters associated with the DC
sources, the backstepping technique combined with the field
oriented control strategy are invoked in order to control the
induction motor. It will be formally proven that the proposed
multi-loop nonlinear controller actually stabilizes the
controlled system and meets its tracking objectives.

The paper is organized as follows: in section Il, the system
studied is presented and modeled, it given a state space
representation. In section Il1, a controller is designed for the
whole system and the closed loop system error is analyzed. In
section 1V, the controller performances are illustrated through
numerical simulations. A conclusion and reference list end the
paper.

Il. SYSTEM PRESENTATION AND MODELING

A. System presentation

Figure 1 shows the studied power stage of hybrid electric
vehicle (HEV). It includes a hybrid electric storage source
which consists of 12.5 KW PEMFC used as the main source
and a supercapacitor as auxiliary power source; a boost dc-dc
power converter that interfaces the fuel cell with the DC bus;
buck-boost converter to interface the supercapacitor in order
to store braking energies or to generate peak power during


http://www.microgrids.et.aau.dk/

acceleration; a dc-ac inverter that feds an 7.5 KW induction déyg )
motor. All the power converters (dc-dc converters and e —ady + (05 — PQ)drg +aM g (3d)
inverter) operate according to pulse width modulation (PWM) 4o 1
principle. ot M(¢rglsq + Prglsa) — Q2 —j-ﬂ (3e)
LA i [
Ifc 1 o
B W
+
+
Vic
O U1_| Coe ——
T AR NG
T - " — 7,
LR, i i 152 Vg2 M
. — B ’ Vs3 &
£ - e ;
(3o ¢ GRS CIC T
®)
& e
(%2]
% 7777
Fig.1: Power stage circuit of hybrid electric vehicle.
B. Modeling of the DC source subsystem Vg = UgVyge . Vg = UgVee (3f)

From Fig.1 applying Kirchhoff laws one gets the
following bilinear switching model of the subsystem
consisting of a fuel cell source, a supercapacitor and two dc-
dc power converters [4].

didfsf =Li1(Vfc ~Rylfger —Vae (1~ Uy)) (12)
d;%: Cldc (i1 A=Uy) +Upsi. —ig) (1b)
%:Liz(vsc —Vgelpg — Ryig) (1c)
d:% _(':__Fi_zv +T_—52°Vbusu23 (1d)

Where u,3 is the only control input variable of the buck-boost
converter defined as follow:

Ups = k(1-uy)+(1-k)ug (2)
where k being a binary variable: k =1 in boost mode and
k =0 in buck mode.

C. Modeling of the inverter-motor association

In a rotating frame d and g-axis, the induction motor
model is described [7]:

di ; i

d_Std =bad,y + bp¢rq —Ngg T Dglgg +MVgy (32)
di . ;

df[q = bag,, —bpQyy — igg — W4isg +MyVeg (3b)
q )

S gy + (0~ Py +aM i (30)

where g, isq, Ordy Prqr Vsdr Vs Q, T, Ug » Uq and s,

respectively denote the stator currents, the rotor fluxes, the
stator voltage inputs, the angular speed, the load torque, the
controls of the inverter and the stator frequency. The
subscripts s and r refer to the stator and rotor. The
parameters:

a=Re o My 'FL%RMQ;Rr,ml: 1
L, LL,o LL? Lo
2
o=1- My , m:—pMsr,c:i 4)
L, L L, J

where R, is the rotor resistances, L and L, are the self-
inductances of the stator and the rotor, respectively, M, the
mutual inductance between the stator and rotor windings, p
the number of pole-pair, J the inertia of the system (motor and
load) and f, the viscous damping coefficient.

Applying a PIPO (Power in equal to Power Out) principle to
the inverter one gets:

Vdcio = istsd + isquq )
which gives, using (3f):
iO = Udlsd + Uqlsq (6)

Combining (1), (2), (3) and (5), and using averaging
technique [11], the nonlinear averaged model of the whole
system is obtained as follows (it is of ninth order)

. R X 1
Xy = =% — (L= ) 2+ V.

7a
Ly L L (7)



. X 3
X2=(1—,u1)—1+,u23———X5——X6 (7b)
Cdc Cdc Cdc Cdc
L Xy X, Ry
Xg = ——— [y —=——=X 7c
3 B 23 L L, 3 (7¢)

X3 R

Xg=—Z"—7T Xgtlp— X3 (7d)
Cee Ly 2

X5 = bax; +bpXg — X5 + @ Xg + My X (7e)

Xe = baxg —bpX;Xg — g — 05X + Myf1gX; (7f)

X7 =—a%; + (w5 — PQ)Xg +aM o Xs (79)

Xg = —aXg + (@g — PQ)X; +aM ¢ X5 (7h)

) 1 .

Xg = M(XgX7 + XgX5) — CXg —FT, (71)

The control variables are z4, fh3 Wsg and g whereas the
output variables are x,, X3, X7 and Xg.
The average values x; to Xo represent the average values,

respectively, of iq, Vyo, Iscs Ve, lsgs Iq &g s frqand Q.

It is worth noting that variables averaging are performed over
switching periods. Consequently, the quantities z4 and 1,5

commonly called duty ratios, vary continuously in the
interval [01] and act as the input control signals of dc-dc

power converters. Also, the averaged values s and
represent the input control signals of the inverter.
[1l. CONTROL DESIGN AND ANALYSIS

A. Control objectives

In order to define the control strategy, first one has to
establish the control objectives, which can be formulated as
follows:

a) Tight regulation of dc-bus voltage;
b) Perfect tracking of SC current to its reference
signal;
c) Perfect tracking of rotor speed to its reference
profile.
The SC current reference is elaborated by energy
management system accordingly to dynamic requirement and
FC constraints, as pointed in the introduction.

B. Controller design for DC-DC power converters.

The first control objective is to enforce the dc bus voltage
Vg to track a given constant reference signal Vs = 750V .

However, it is well known that the boost converter has a non-
minimum phase feature [10]. Such an issue is generally dealt
with by resorting to an indirect design strategy. More
specifically, the objective is to enforce the input inductor
current i to track a reference signal, say l¢s. The latter is

chosen so that if (in steady state) ¢ =l then
Vie =Vieret » Where Vgger > V. It follows from power

conservation consideration, also called PIPO (Power Input

equals Power Output), that I is related to Vyeer by the
relationship

I foref = /11(\/dcref io — Vg I scref )/ vfc (8)

where 2>1 being an ideality factor introduced to take into
account all losses: switching losses in the converters; the
losses in the inductances ESR R; and R,; the losses in the SC
resistance Rq..

In order to deal with the two first control objectives, the
following errors are introduced

€ =% - I foref (9)
€y =Xy = Xoq (9b)
€3 = X3 — lorer (9c)

To stabilize the dc-dc power converters with the state vector
(&;,€,,¢€3), the following control laws are proposed [4]:

L (Ve —Rix)
p=1-=(ce —e,+ — foref ) (10a)
Xy 1
L (X4 — RyX,)
Hoz = 1- X_Z(C363 + e Iscref ) (10b)

2 2

where X, is the desired value of the dc bus voltage x, and
its dynamic is proposed as follows

. 1
Xod =C—(1—/11)X1 + Hy3X3 = (Ug X5 + 1 Xg) +Co€, +€; (10c)
dc

Indeed, with these control laws the dynamics of the errors can
be obtained as follows:

€ =—Ce +8€, (11a)
€2 =—Co8 — & (11b)

The stability of the closed loop system with the state errors (
€,8,,€3) will be investigated in Subsection I11-d.

C. Controller design for the inverter-motor:

The flux field oriented control strategy consists on
controlling the rotor flux by iy current and the electric torque

by ig, current. This is possible if g, =0 . It is accomplished
by realizing:

g = PQ+a—=—Ig (12a)
brg

d
Indeed, using (3d) and (12a) one gets j;q =—agy, therefore

¢rq is exponentially vanishing. Therefore, one can suppose
that

d
¢rq = ¢rq =0

= (12b)



The controller design is performed in two steps using the
backstepping technique [8]:

Stepl:

First, we introduce the following tracking errors
€4 = X7 — g (13a)
8 = Xg — Qy (13b)

where ¢4 and €, are the reference signals of the rotor flux
and rotor speed, respectively

Deriving (13a-b), it follows from (7g), (7i) and (12a) that:

€, =—aXg +aMg X5 — ¢£rd (14a)
. T -
which suggest the following stabilizing functions
X5q = (—C484 +aXg + g (159)
sr
1 T -
Xgg = ——(—Csl5 +CX7 +—+Q 15b
6d mx7 ( 5%5 7 J d) ( )
Considering the following intermediates errors
€5 = X5 — Xsg (16a)
€7 =Xg — Xgq (16b)

One gets, using (7e) and (7f), the following error dynamics

(17a)
(17b)

€, =—C48, +aM e
€5 = —C5€5 + MX4€;
Step2:
The objective now is to enforce the error variables
(e4,€5,€5,€7) to vanish. To this end, let us first determine the
dynamics of egand e;. Deriving (16a) and (16b) and using
(7€) and (7f) one obtains
€5 = DaXg — 7Ky + 5 Xs + My L1 Xg — Xeg

€7 =DbpXg — X5 — WXy + Myieg X3 — Xgg

(18a)
(18b)

The latest equations immediately suggest the following
control laws zigqand ug,

1 .
Hsd = m, X (_ Cs€6 — bax6 + Xy — W X5 — aM sr€s + Xgq )
173
(19a)
1 .
Hsq = mi X (_ C7€7 _prS + s + D5 Xq —MX7€5 + X5 ) (19b)
173

Finally, combining (18a-b) and (19a-b) one gets
ée = —0696 - aM er4

(20a)
(20b)

D. Closed loop stability analysis:

We are now ready to analyze the stability of the whole
closed loop system with the state vector error

e=(e,,€,,63,6,4,65,6,8;)" . To this end the dynamics of all

errors involved in the control laws (10a-b) and (19a-b) are
summarized in the following equations

€ =—Ce +€ (21a)
€, =—Cy€y) — € (21b)
€, =—C,8, +aM g4 (21c)
€5 = —C5€5 + MX7€5 (21d)
8s = —Cs€g —aM . &, (21e)
€; =—C;8; —MX5€5 (21f)
Consider the following Lyapunov function candidate
Vv :%eTe (22)
Its time-derivative along the trajectories (21a-f) gives
7
V = Z— ce? (23)
i=L

which clearly shows that the equilibrium e=0 is globally
asymptotically stable [9]. The main results of this paper are
now summarized in the following proposition:

Proposition. Consider the closed-loop system consisting of
the power stage of a hybrid electric vehicle represented by
(7a-1), (12a) and the controller composed of the control laws
(10a-b) and (19a-b). Then, one has:

i) The closed loop system is GAS.

if) The error e, converges to zero implying tight dc bus
voltage regulation.

iii) The error e; converges to zero implying perfect
tracking of SC current i to its reference igger,

iv) The error eg converge to zero implying that the rotor
speed perfectly tracks its reference Q0

Proof.
i) From (22) and (23) one has V positive definite and

v negative definite which implies that thee
equilibrium e=0 of the closed loop system with the
state vector e is globally asymptotically stable
(GAS).

ii) Equation (23) can be rewritten as follows:
V <-2pV, where B =min(c;). Hence, V vanishes

I

exponentially fast, which in turn means, using (22),
that the vector error e is exponentially vanishing. The
vanishing of the error e; implies, using (9a) and (8),
that the error X, —Vy convergence to zero. This,
indeed, implies the tight dc bus voltage regulation.

iii) The vanishing of the error e;implies, using (16), that
the SC current i, perfectly tracks its reference igres.



iv) The vanishing of the error egimplies, using (13b),
that the rotor speed Q perfectly tracks its reference
Q.

This ends the proof of Proposition m

The next Section is devoted to the validation of the controller
performances.

IV. SIMULATION RESULTS:

The performances of the proposed nonlinear control design
are illustrated through simulations. The controlled system is
simulated with the parameter characteristics listed in Table I.

TABLE I: SYSTEM PARAMETERS
Its characteristics
12.5 kw PEMFC,
Vfcmax=900V, IfcmaX:7OA

Element

Fuel cell

Inductances L, and L, 4.2 mH
Inductances ESR: R; and R, 4.2 mQ
Supercapapcitor, Cq. 900F

Supercapacitor ESR : Ry 0.144Q
PWM switching frequency 10 KHz

The traction motor is an induction motor of 7.5kW with the
characteristics summarized in Table 1. The design parameters
are fixed as in Table I1l. These parameters have been selected
using a ‘trial-and-error’ search method and proved to be
suitable.

TABLE Il: NUMERICAL VALUES OF CONSIDERED MOTOR CHARACTERISTICS.

Characteristic Symbol Value
Nominal power Py 7.5 kw
Nominal flux Frn 1Wb
Nominal voltage Us, 0.6V
Stator resistance Rs 0.6 Q
Rotor resistance R, 0.5Q
Number of pole pairs p 2
stator self inductance L 98.3 mH
rotor self inductance L, 90 mH
Mutual inductance between My, 90 mH
the stator and rotor windings
TABLE Ill: CONTROLLER DESIGN PARAMETERS

Parameter Value

Cy 105

Cy 102

Cs 10?
Ideality factor A 1.0004

The DC-link voltage reference is set to the constant value
Vyeret = 750V. The reference value g is set to -15A.
The simulations are carried out with following scenario:
- The rotor speed reference is linearly increasing
between 0 and 1s (starting mode) (see Fig.3).

- The rotor speed reference is set constant
Qg4 =90rad/s between 1s and 3s (see Fig.3).

- At time 2s a load torque is step changing between
30Nm and 60Nm (presence of a slope in the road).
(see Fig.3).

- After time 3s the rotor speed reference is linearly
decreasing (decelerating mode). (See Fig.3).

Fig. 2 shows that the DC voltage vy is perfectly regulated to
its reference Vyger = 750V. Fig. 3 illustrates that the SC
current ig. perfectly tracks its reference lg.=-15V. This figure
also shows that the SC voltage vy is increasing (charging
mode). Fig. 4 illustrate that the rotor speed is regulated to its
reference despite the load torque variations.

Finally, Fig.5 and Fig.6 illustrate the control input signals of
the dc-dc power converters and the inverter, respectively.

V. CONCLUSION

The problem of controlling the electric power stage of an
electric vehicle combining a hybrid energy storage system
and an induction motor has been dressed. The whole system
dynamic have been described by the averaged ninth order
nonlinear state-space model (7a-i). Based on such a model,
the multi-loops nonlinear controller defined by (10a-b) and
(19a-b) is designed and analyzed using the Lyapunov
approach and the backstepping technique. It is formally
proven, using theoretical analysis and simulations results, that
the proposed controller achieves all the objectives for which it
has been designed for: (i) a tight speed regulation in spite of
load torque variations; (ii) a good regulation of the DC Link
voltage; and (iii) a perfect tracking of SC current to its
reference. This result is confirmed by simulation.
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Fig. 2. DC bus voltage and load current in presence of a step voltage
refernce Vgcret = 750V , rotor speed reference variations and load torque

step changes.



Ise(A)
0r —‘
-10 |
2 , _ |
| 1 2 3 4 5
Vse(V)
415 |
410 |
405
400/ '
0 1 2 3 4 5
time(s)

Fig.3: The SC signals in presence of step current refernce lgoef =—15A,

Q,Q d (rad/s)
100 T T

sof - N Q]

! ! \: !

ok d s s s s s
0 0.5 1 15 2 25 3 3.5 4 4.5 5

e=Q-Q d (rad/s)

-0.2F 1

80

60}
a0} »

20 ! ! ! ! ! ! ! ! !
0 0.5 1 15 2 25 3 35 4 4.5 5

time(s)
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