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Abstract: In this paper a hybrid electric vehicle is considered, which contains both an
internal combustion engine and an electric motor (EM). Without focusing on the other
components of the vehicle, the EM is treated in detail, both regarding modelling aspects
and control solutions.

After a brief modelling of the plant, two cascade speed control solutions are presented: first
a classical PI+PI cascade control solution is presented. The control systems related to
traction electric motors (used in vehicle traction) must be able to cope with different
requests, such as variation of the reference signal, load disturbances which depend on the
transport conditions and parametric disturbances regarding changes in the total mass of
the vehicle. For this purpose, in the design of the speed controller (external loop) a specific
methodology based on extension of the symmetrical optimum method is presented. The
controllers are developed using the Modulus—Optimum method for the inner loop, and the
Extended Symmetrical Optimum Method, corrected based on the 2p-SO-method, for the
outer loop (for a more efficient disturbance rejection).

In order to force the behaviour of the system regarding the reference input, a correction
term is introduced as a non-homogenous structured PI controller solution.

Simulations were performed using numerical values taken from a real application
consisting in a hybrid vehicle prototype, showing satisfactory behaviour.

Keywords: Electric Hybrid Vehicle, Driving system, Speed control, Extended Symmetrical
Optimum method, 2p-SO-m
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1 Introduction

Electric motors (EM) are used in a large variety of applications in industry, one of
them is traction motors. Low power traction motors in electrical drive vehicles are
frequently oriented on DC-machines (DC-m) or brushless DC motors (BLDC-m)
[3], [4], [5] (but other solutions are also used). From the point of view of
mathematical modelling, the two solutions differ only insignificantly, mainly on
parameter calculus relations.

The control systems related to traction electric motors (used in vehicle traction) must
be able to cope with different requests, determined by the multitude of conditions to
which the process must fulfill:

- the vehicle’s speed must be adapted to the actual traffic conditions, as a
consequence, the reference of the system is permanently variable;

- depending of the vehicle velocity, route, weather etc., load type
disturbances are permanently present and changing;

- with the modification of the total mass of the vehicle the equivalent
moment of inertia is also modifying, and so the large time constant of the
vehicle, resulting in a varying parametric disturbance;

These conditionings impose a tuning of the control parameters which fulfil
simultaneously all requests. The paper is focused on control solution for an electrical
driving application (electrical traction) as part of a hybrid electric vehicle. Details
regarding the vehicle itself can be found in [1], [2].

The paper is structured as follows. Section II presents a detailed mathematical
model of a separately excited DC-machine. Section III describes two control
strategies applied for speed control, both consisting in cascade control. Section IV
introduces the numerical values used, and based on these, simulations are
performed and analysed. Finally, section V concludes the paper.

2 Plant Model

2.1 General Aspects

The functional block diagram of a series hybrid electric vehicle (HEV) is
presented in Figure 1. The main components of the system are: the EM, which
drives the wheels and whose control is dealt with in the paper (it can also work as
a generator during regenerative braking), the electric generator which delivers
electrical energy for the EM, a battery, the controllers and the power electronics.
The electric generator is in rigid connection with the internal combustion engine.
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2.2 Basic Equations

The operating range of a DC-m is divided into four quadrants: forward motoring,
forward breaking, reverse motoring and reverse braking [5], [6], [7]. For the
driving system (EM and the vehicle) a qualitative and quantitative modelling is
used. The mathematical model of the driving system includes both the model of
the motor and the dynamical model of the system.

Control unit
Ue
M,
Lol Electric i Paower u
cambusion enerator electronics . L M
engine ¢
Electric
Battery Driven
vehicle
Figure 1

Functional block diagram of a series hybrid electric vehicle

e Modelling of the motor. The hypotheses accepted at modelling imply that in
normal regimes the DC-m works in the linear domain where the flux (current) is
constant in value (valid also for BLDC-m). A change in the excitation regime
modifies the basic model, but a linearization in the new working point results in
the basic situation.

The basic equations that characterize the functionality of the system are given in
(1), where the following notations were used: 7, — time constant of the actuator
(power electronics) [sec], u, — armature voltage [V], k, — actuator gain, uc —
command voltage from controller [V], L, — inductance [H], 7, — electrical time
constant, i, — field current [A], e — counter electromotive voltage [V], k. —
coefficient [V/rad/sec], w — rotor speed [rad/sec], J,,; — total moment of inertia of
the plant [kgm?], M, — active torque [Nm], M, — load torque [Nm], M; — friction
torque [Nm], J,, — moment of inertia of the DC-m [kgmz], Jen — moment of inertia
of the vehicle reduced to the motor axis [Nm?], J,, — moment of inertia of the two
driven wheels reduced to motor axe (converted) [kgm?].

T, u,+u, +k, =u,
L, -di, +R i, =u,—e

T,=L,/R, , e=k,o (1)
M,=k, i,

Jo=M,-M -M,

Je =+ +J,
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As a result, the block diagram of the DC-m is depicted in Figure 2. Based on the
bloc diagram from Figure 2, the four transfer functions (t.f.s) according to the DC-
m can be defined; { H,,,.(s),H,,,,(s),H,,,.(s),H,,,(s)}. The main t.f. regarding

w,uc ia,uc

to which the controller will be designed is H, ,.(s); their expressions can be

a,ms

detailed for two more remarkable cases: kf # 0 and the approximation case

k ;= 0 frequently used in practice, rel. (2)-(5)

Vehicle |
dynamics
Ms
U, X, Uy fu /R iy M, 4 1 w
- PR = k .
'{ 1+ 5T, 3" 1+ 5T, @ ;4 TS
@
Actuator Elactric
part
K,

Figure 2
Block diagram of a DC-m

k 1/k k 1/k
H,,(s)=—" S ‘ )
’ 1+sT, 1+sT, +sT,T, 1+sT, (1+sT,)1+sT,)
The factorised for is valid for 7, >> T, , specific for electric traction.
k T /R k T /R
Hm uc(s)z A S m/ ; ~ A S m/ a (3)
' 1+sT, 1+sT, +s T, T, 1+sT, (1+sT,)1+sT,)
R 1+sT R 1+sT
H,,(s)==— 3 r-— s (4)
k,k,1+sT, +s°T,T, k,k, A+sT, )A+sT,)
R 1 R 1
Hia,ms (S) =——F ~ . (5)

k,1+sT, +s’T,T, k,(1+sT,)1+sT,)

Where the mechanical time constant is calculated based on relation:

R
k,k,
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The total inertia is calculated as follows. It is supposed, as in eq. (1), that the total
inertia contains the inertias of the vehicle, of the DC-m and of the two driven
wheels with the drive shaft. This way, from the energy conservation principle, the
following are derived:

1 1 m, v’
7mtatv2 = 7Jveha]2 = Jveh = % (6)
2 2 w
0]
But w:‘f’,‘wv, V=r-0,=r-—
g
2 2 2
Itresults: j Mo " @ _ T (7)
veh 2 2 tot 2
fr " fr

where: - @, - speed of the drive shaft and wheel; - r - radius of the wheel; - m,,, —
total mass of the vehicle (including the driver); - v — linear velocity of vehicle; - f.
— drive ratio.

o  FEquations of the vehicle dynamics. The basic dynamical equations for the
vehicle motion are presented in eq. (6) [1]:

() =L v(0)
w,
M,0)="2F, ()
O] 7 (0

Fd(n:mv(r)%pv%r)-/ld Cy+my, g-C,

2.3 About Drive Cycles

The testing of the behaviour of a vehicle through simulation requires a given
reference that must be followed. Such reference signals, consisting in a pre-
defined time-vehicle velocity scheme, are called drive-cycles [1]. In this paper a
section of the New European Driving Cycle will be used for testing, consisting in
an acceleration, then constant speed, and breaking until zero velocity is reached.

It must also be mentioned that when modelling the electric vehicle a driver
behaviour model can also be taken into account, which has effect on the reference
delivered to the electric drive. The modelling of the other functional blocks of the
electric vehicle is not subject of this paper, but they are described in [1], [2].
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3 Control Structures and Controller Design

3.1 Control Aim and Performances

The aims of the control structures applied to the DC-m are grouped as follows:

- To ensure good reference signal tracking (speed) with small settling time
and small overshoot (good transients and zero-steady-state error at v=const.
velocity).

- To ensure load disturbance rejection due to modifications in the driving
conditions.

- To show reduced sensitivity [8] to changes in the total inertia of the system:

J, =J,+M, with  AJ, <0.25J,, ©)

The adopted two solutions are classical ones, both having two control loops in
cascade structure:

- One interior control loop of the current, consisting in a PI controller and
Anti-Windup-Reset (AWR) measure.

- One external control loop of rotor speed o [rad/sec] with a PI controller.

The second control structure differs from the first through the outer loop, in which
a forcing block was added to correct the current reference for the inner loop. It can
decrease the response time of the system.

3.2 Presentation of the Control Loops. Controller Design

The block diagrams of the two control structures are depicted in Figures 3 and 4,
in the form of Simulink diagrams. The two controllers, the current controller and
the speed controller, are designed separately.

Ms

— |
e gy bl o ]

L J_tots
1

5

num(s) 1 KA®S) 1R.a
REF — o ue
s Toisr uc T As | ua Ta.sil
Transler Fens Speed
Refl Filter Actuator Electric part
eference Speed controller Sunent contol P

with AWR

m

I\

Current sensor

£\

Speed sensor

Figure 3
First cascade control structure for the DC-m
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Figure 4
Second cascade control structure for the DC-m

o The inner current loop is identical in both cases, and it consists of a PI
controller with AWR measure [9], [10]. The parameters of the current controller
were determined in accordance with the properties of the inner loop, based on the
Modulus Optimum criterion (MO) by Kessler [9], having the relations:

e (10)
2k, - Ty,

pr

k.
Cls)=—(+sT), k, =
s

Where, &, — gain of the inner part of the plant, containing the actuator, electric
circuit and current sensor), T, — electric time constant, Ts; — equivalent of small
time constants, 7,>T; .

The AWR measure was introduced to attenuate the effects of going into limitation
of the controller. Other methods for handling constraints of the control signal are
also used, for example a solution where the controller itself is by a dynamic
feedback of a static saturation element [11].

o The speed control loop, as the outer loop, consists of a PI controller in two
variants for implementation: one homogenous variant and one case when a forcing
filter for the reference value was introduced. This second variant ensures the
possibility of accelerating the vehicle, depending on the power of the driving
motor.

k
- I 11
Pls)= s(l +ST2) (4

where 75 stands for the current loop and parasitic time constants, &, characterizes

the dynamics of the mechanical part of the driving system (J,,) and the speed
sensor (ky,,.). The transfer function of the PI controller has the transfer function:

N

¢

C(s):k(,(1+l]:kc(1+src) (12)
sT,
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The open loop transfer function (t.f.) results:

k,(1+sT,)

k
L(s)=C(s)P(s) = — 50— (13)
(s) = C(s)P(s) S (1+sT,)
And so the closed loop t.f. is:
kk,Ts+kk, bs+b, (14)

H’(S):3T+2+kkT thk  as +as +as+
ST, +s K,Ts+kk, as +tas +as+a,

with b =a,, b, = a, (due to the double integrator component in the open loop t.f.)

The design of the speed loop is based on an extension of the SO method from
Kessler [7], the Extended Symmetrical Optimum method (ESO-m) [14]; the
method is based on the following parameterization:

1/2 2 172 2
B aga, =a; B raa; =a, (15)

Here f is a parameter that is chosen by the developer. A larger value of § ensures
less oscillating transients and a bigger phase margin. Consequently, the controller
parameters are calculated with the relations:

1

k,=——— T, =pT, (16)
c0 ﬂ3/2kazz c0 ﬂ z

In second stage, taken into account that k>0, the type of the load and that the
system performance regarding reference tracking are less satisfactory, the results
obtained in the first phase are corrected according to the double parameterization
of the SO-m, introduced in [15] as 2p-SO-m and the particularity of the plant
(inner loop). Designing the controller based on this approach, there can be
ensured:

- Use of pre-calculated (crisp) tuning relations;

- The possibility of improving the system’s phase margin, reducing its
sensitivity and increasing its robustness;

- The possibility of using controllers with homogenous structure or with non-
homogenous structure regarded to the inputs.

- The possibility of improving reference signal tracking by using reference
filters with parameters that can be easily fixed.

- The possibility of improving reference tracking using adequate reference
filters [15] and load disturbance rejection for some specific cases.

For a second order with lag benchmark type model of the plant, the controller
tuning relations specific for 2p-SO-m are close to the ESO method, they allow an
efficient correction of the controller parameters depending on the plant’s time
constants 77, Tx (). For this, the correction relations can be used [15]:
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3
kr = (1+m) TZ ch’ and akc* = kC :(1+ m)3]1] (17)
m kc()
_r Au(m) and - _T. _A,(m) (18)
< I+m)’ T, d+m)

For the chosen value of the f parameter, the controller parameters calculated in
the first stage with the ESO-m are corrected regarding the relations (17) and (18),

where the values of ¢, and «a, take into account the values of fand m =T, /T, ,

with 7§ - the time constant that characterizes the inner loop (current) and 7, - the

mechanical time constant of the plant (see rel. (2)).

4  Case Study. Simulation Results

4.1 Numerical Values of the Plant

Details and numerical data for the considered application (a hybrid solar vehicle)
are presented in [2]. Numerical values of the DC-m in the nominal functioning are
synthesized in table 1. Further numerical values used (see also [1], [2]):

- Total mass of vehicle, including an 80kg heavy driver: m,,,=1860 kg;
- Frontal area of vehicle: 4,=2.4 m’;
- Air drag coefficient: C;=0.4,
- Air density: p=1.225 kg/m’;
- Rolling resistance coefficient: C,=0.015;
- Wheel radius: w,=0.3 m;
- Final drive ratio: f,=4.875.
The resulting time constants and other plant parameters are enumerated below:
- Mechanical time constant: 7,,=5.4 sec;
- Electrical time constant: 7,=0.1 sec;
- Total inertia: J,,=8.6°;
- Gain and time constant of actuator: k,=30, 7,=0.02 sec;

- QGains for current and speed sensors: k;;=0.0238, ky,=0.0178.
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Table 1

Numerical values for nominal functioning

Torque Rotation Useful Voltage Current Absorbed Efficiency

power Power
[Nm] [rot/min] [kw] [V] [A] [kw] [-]
50,16 1605 8,43 77,6 126 9,78 86,18

The controller parameters are:

- Current controller: k,,=7, T,;=0.1 (according to equation (8), plus an AWR
time constant according to [9] having the value of 7,=0.005;

- Speed controller:
0 For the first case, see eq.(9): k.=35.28, T.=1.75;

0 For the second case the controller is the same, the feed forward

correction term is of form: C,(s)= 560s

s+1 .

4.2 Simulation Results

The simulation scenarios are the following: the first control structure is simulated,
followed by the second cascade structure simulations (comparison of the currents’
and dynamics), ended by simulations for the first case regarding sensitivity
aspects for a change in the mass of the plant. The reference signal is the same for
all three cases, consisting in an acceleration part, a part with constant velocity and
a part of deceleration until a stop is reached. The load of the system is taken into
account as in [16].

(a) Simple cascade structure: Figures 6, 7, 8 and 9.

(b) Cascade structure with correction of the current reference: in this case the
differences in the current behaviour are depicted, together with the active
power (dashed line — simple cascade structure, solid line — structure with
current correction). The differences in the speed dynamics are not
significant, the active power differences are proportional with the current,
Figures 10 and 11.

(c) Simple cascade structure with modified load (Figures 12, 13 and 14) (for
the first cascade structure): the mass of the vehicle is changed with +25%
of it (solid line — original load, dashed line — increased load):

Myep=Myeng+Am=1860+0.25*1860=2332kg.
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The speed was not presented since almost the same behaviour resulted. But in
order to achieve this performance, the current is higher (since it needs more power
to carry the increased weight). Still the current does not reach its maximal
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admissible value (4 times the nominal value of /26 A4). The active power is higher
(12 kW compared to 9kW at starting), but without exceeding the maximal power of
15 kW of the machine. Both the active torque and the load torque are higher, as
expected. Regenerative braking appears when the current (and implicitly the
active power) is negative.

Cunent Active power

— G
]
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% E] [ ® 10 20 '] 2 % & ] 100 120
Tim [sac] Time fse<]
Figure 12 Figure 13
Behaviour of the current Active power consumption (negative values mean
generation)
At 1
L T
I
P i i i
L 2 & 0 10 20
Time [sec]
Figure 14

Active torque M, vs. disturbance torque M

Conclusions

The paper presents a cascade control solution for electrical drives used for traction
in two variants — without and with a forcing feed forward term for the current
reference —, both consisting of cascade control structures. In order to ensure high
performances, for controller design different variants of the Modulus Optimum
tuning method (MO-m) were used, namely the Extended Symmetrical Optimum
method (ESO-m) and a correction of it based on the tuning method named a
Double Parameterization of the ESO method (2p-ESO-m), introduced in [15].
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Simulations were performed using the Matlab/Simulink environment, for a
reference drive cycle. The simulated cases reflect a very good behaviour of the
system both regarding reference tracking and also sensitivity to parameter
changes. The application considered in the paper is based on a real application of a
hybrid solar vehicle.
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