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FUTURE Vehicles

Description:
Use model-based optimal control to mitigate the component degradation in electric and hybrid electric powertrain components, such as 
the electric machines and the battery.

Objective: Nonlinear Model Predictive Control (NMPC) is used to solve a multi-objective optimal control problem that minimizes 
degradation while ensuring desired closed loop performance of Permanent Magnet Synchronous Motor (PMSM) used in Electric and 
Hybrid Electric Vehicles (EV).  The control scheme is tested for extreme transient conditions that would occur in the practical scenario as 
well as for standard drive cycles.  

1. Read motor output
2. Calculate optimal control law using low fidelity PMSM model to minimize 
cost function
3. Use predicted torque profile (i.e Model Predictive Control)
4. Apply first step of optimal control law on the high fidelity model
5. Repeat 1 to 4

Optimal Control Algorithm

Power Management of Hybrid Energy Storage System State Space representation

Cost functions

QMPC

RMPC

Constraints

Results
Battery current with different strategies

SoC of the SC pack with different strategies

Objective: To apply Regularized 
Model Predictive Control (RMPC) for 
Power Management (PM) of Hybrid 
Energy Storage Systems (HESSs). As 
illustrated, the idea is applied to the 
PM problem of a battery-
supercapacitor (SC) powertrain to 
reduce battery degradation in 
Electric Vehicles (EVs).   
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CONTROL FOR MOTOR DEGRADATION 

 

 Optimal power management to minimise battery 

degradation  

 

 Optimal control to minimise motor degradation 

 By optimally controlling a single motor  
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CONTROL FOR MOTOR DEGRADATION 

 

 Battery state estimation  using nonlinear fi ltering 

techniques 

 

 Optimal control to minimise motor degradation 

 By optimally controlling a single motor 

 By optimally distributing the torque among motors 

 



FOUR-WHEEL VEHICLE MODEL 

proposed solut ion under both normal driving condit ions
and a crit ical turn.

2. VEHICLE AND MOTOR MODELS

In this sect ion we int roduce the vehicle and tyre models,
along with the motor model which will be used to provide
the life expectancy of the four elect ric motors.

2.1 Vehicle and Tyre Model

The vehicle and tyre models used in this paper are similar
to the one found in Siampis et al. (2013), where the
interested reader can refer for more details. The equat ions
of mot ion for a vehicle t ravelling on a horizontal plane are
(Fig. 1):

mV̇ = (f F L x + f F R x ) cos(δ− β)

− (f F L y + f F R y ) sin(δ− β)

+ (f R L x + f R R x ) cosβ

+ (f R L y + f R R y ) sin β, (1)

β̇ =
1

mV
[(f F L x + f F R x ) sin(δ− β)

+ (f F L y + f F R y ) cos(δ− β)

− (f R L x + f R R x ) sinβ

+ (f R L y + f R R y ) cosβ] − ψ̇, (2)

I z ψ̈ = ℓF [(f F L y + f F R y ) cosδ

+ (f F L x + f F R x ) sin δ] − ℓR (f R L y + f R R y )

+ wL (f F L y sin δ− f F L x cosδ− f R L x )

+ wR (f F R x cosδ− f F R y sin δ+ f R R x ) (3)

I w ω̇i j = Ti j − f i j x r, i = F, R, j = L , R. (4)

where m and I z are the mass of the car and the moment
of inert ia about the vert ical axis respect ively, V is the
velocity at the center of mass, β and ψ are the sideslip
and yaw angle of the vehicle. I w is the moment of inert ia
of each wheel about its axis, r is the wheel radiusand ωi j is
the angular speed of each wheel (i is marking the Front or
Rear wheels and j the Left and Right). The steering angle
isδ and Ti j is the applied torque to each wheel; f i j k are the
longitudinal and lateral forces which are st ressed on the
wheel during the driving condit ions and ℓF ,ℓR ,wL ,wR are
the distances of each wheel from the center of mass.

The tyre forces f i j k in the above equat ions are described
in this paper using the Magic Formula from Pacejka and
Bakker (1991). Assuming, for simplificat ion reasons, that
the camber and toe angles at each wheel are zero, the tyre
forces can be found as funct ions of the longitudinal and
lateral slips

si j x =
Vi j x − ωi j r i j

ωi j r i j

, si j y =
Vi j y

ωi j r i j

, (5)

where Vi j k (i = F, R, j = L , R, k = x, y) is the
longitudinal velocity at the center of each of the four
wheels. If we also assume a linear dependence of the tyre
frict ion forces to the normal forces act ing on each tyre, we
get
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f R L x
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Fig. 1. Four-wheel vehicle model.

µi j = f i j / f i j z , µi j k = f i j k / f i j z , (6)

where f i j = f 2
i j x + f 2

i j y is the total frict ion force act ing

on each tyre, µi j is the total tyre force coefficient , µi j k are
the longitudinal and lateral tyre force coefficients, and f i j z

are the normal loads on each of the four wheels. The total
tyre force coefficient is calculated using the MF

µi j (si j ) = M F (si j ) = D sin(C(atan(B si j ), (7)

where si j = s2
i j x + s2

i j y . Then, assuming symmetric tyre

characterist ics in the longitudinal and lateral direct ion, we
can find the longitudinal and lateral tyre force coefficients
using the frict ion circle equat ions

µi j k = −
si j k

si j

µi j (si j ). (8)

Finally, neglect ing the pitch and roll rotat ion along with
the vert ical mot ion of the sprung mass of the vehicle,
the normal load f i j z on each wheel can be found using
the stat ic load dist ribut ion on the car and the longitudi-
nal/ lateral load transfer caused from longitudinal and lat -
eral accelerat ion. Taking for example the front-left wheel
the normal load is

f F L z = f 0
F L z − ∆ f x

L − ∆ f
y
F , (9)

where the stat ic load is given by

f 0
F L z =

m g ℓR , wR

(ℓF + ℓR )(wL + wR )
(10)

and the longitudinal load transfer is given as a funct ion of
the longitudinal accelerat ion by

∆ f x
L =

m h wR

(ℓF + ℓR )(wL + wR )
ax . (11)

where h the distance from the Center of Mass of the
vehicle from the road surface and ax is the longitudinal
accelerat ion of the vehicle.



SIMULATION RESULTS 

Normal driving 

where Tr ot , Ti n s, Tst a and Thous are the temperatures
of the rotor, insulat ion, stator and housing of the motor
respect ively, I cu are the copper losses of windings, and I st

and I r are the combined losses of the stator and rotor.
CRA is a real 4× 4 matrix derived from the resistors and
capacitorsof theelectric circuit , while CRB is 4× 3 matrix.

3. CONTROL DESIGN

Following Siampis et al. (2013), theproposed control archi-
tecture will stabilise the vehicle during emergency situa-
t ion using combined velocity, slip and yaw rate regulat ion.
However, the controller will also maintain the temperature
level on each of the four motors as low as possible by
opt imally dist ribut ing the torques on the four wheels.

From the vehicle model (1) and motor temperature model
(26) linearized about the equilibrium point , we have

dx

dt
= A ssx + B ssu, y = Cx, (27)

where A ss and B ss are the Jacobian matrices from lin-
earizat ion, C = I 23× 23 and

x =
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⎢
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⎢
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⎢
⎢
⎢
⎢
⎣
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⎥
⎥
⎦

(23× 1)

, u = τi j − τ ss
i j (4× 1)

,

with τi j thefour torquesat thewheels. Theopt imal control
law is then given by

u = R − 1(B ss)T P, (28)

where P is the solut ion of the associated algebraic Riccat i
equat ion and minimizes the quadrat ic cost

J =
∞

0

y(t)T Qy(t) + u(t)T R u(t) dt ,

with Q and R the real symmetric weight ing matrices on
the output error and the control effort respect ively.

4. SIMULATIONS

In this sect ion the opt imal torque vectoring cont rol system
presented above is tested in Simulink environment under
two different simulat ion scenarios: the first scenario exam-
ines the controller ’s capabilit ies in regulat ing the motors’
temperatures under normal driving condit ions, while the
second scenario tests the controller’s effect iveness under
an extreme manoeuvre. In both scenarios the maximum
torque limit according to the stat ic torque map of the
motor used is taken into account , while the tyre/ road
frict ion coefficient is assumed to be constant at µ = 0.8.

4.1 Normal Driving Scenario

In the first simulat ion scenario the driver joins a highway
road by a) accelerat ing while cornering through the motor-
way’s entry for 4s and b) bringing the steering command
to zero while cont inuing accelerat ing in a st raight line for
11s after have joined the highway. The init ial speed is set
to 50kph, while we also assume that all motors have the
same init ial temperature.

Fig. 4 shows the velocity and yaw rate t ime histories for
the vehicle equipped with the proposed torque vectoring
system and, for comparison, the results for a vehicle
without a torque vectoring system. As we can see from
the plots, both vehicles achieve the same performance for
this scenario. However, from Fig. 5 we can conclude that
the vehicle with the torque vectoring system achieves this
result while also keeping the motors’ temperatures at the
same levels.
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Fig. 4. Velocity and yaw rate t ime histories for the normal
driving scenario. The blue lines correspond to the
uncontrolled vehicle and red lines to the vehicle with
the proposed torque vectoring system.
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Fig. 5. Motors’ temperatures for the normal driving sce-
nario. The blue lines correspond to the uncontrolled
vehicle and red lines to the vehicle with the proposed
torque vectoring system.

4.2 Extreme Turn Scenario

In the second scenario the car is t raveling at a high speed
and the driver suddenly steers to the left . The init ial speed
of the vehicle is assumed to be 120km/ h while the applied
step steering input to the wheels is set to 10deg. The
motor temperatures just before the steering command are
assumed to have reached steady state condit ions while we
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Fig. 4. Velocity and yaw rate t ime histories for the normal
driving scenario. The blue lines correspond to the
uncontrolled vehicle and red lines to the vehicle with
the proposed torque vectoring system.
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Fig. 5. Motors’ temperatures for the normal driving sce-
nario. The blue lines correspond to the uncontrolled
vehicle and red lines to the vehicle with the proposed
torque vectoring system.

4.2 Extreme Turn Scenario

In the second scenario the car is t raveling at a high speed
and the driver suddenly steers to the left . The init ial speed
of the vehicle is assumed to be 120km/ h while the applied
step steering input to the wheels is set to 10deg. The
motor temperatures just before the steering command are
assumed to have reached steady state condit ions while we
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HIL DEVELOPMENT 

 

 Optimal power management to minimise battery 

degradation  

 

 Optimal control to minimise motor degradation 

 By optimally controlling a single motor 

 By optimally distributing the torque among motors 

 

 Hardware-in-the-loop development for powertrain testing  
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HIL DEVELOPMENT 

Hardware-in-the-loop development for powertrain testing 
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