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Regenerative braking is one of the main advantages of elec-
tric propulsion systems. In such systems, the vehicle brake
controller has to prioritize safety while maximizing the re-
covered energy at all times. This paper proposes a two-step
hierarchical brake controller for a dual-motor all-wheel-
drive electric vehicle. In the first step, a novel sliding mode
controller (SMC) generates the total braking torque on each
axle to independently control the slip on the front and rear
wheels. In the second step, the torque split controller as-
signs motor and friction brake torques to maximize the re-
covered energy. By incorporating the effects of changing ve-
hicle speed, the proposed SMC controller accounts for the
non-linearities in vehicle dynamics and tire model, and con-
siders the weight transfer due to vehicle deceleration, while
being robust to disturbances. Using simulations, we show
that while the traditional SMC formulation is not effective
during emergency braking scenarios, the proposed formula-
tion successfully generates control commands to bring the
vehicle to a stop position at a minimum distance. Further-
more, our controller can maintain both wheels in the stable
slip region, even when starting from a locked position. The
performance of the proposed controller is evaluated for an
emergency braking scenario and on an aggressive segment
of the US06 cycle.

*Paper presented at the 2023 Modeling, Estimation, and Control Confer-
ence (MECC 2023), Lake Tahoe, NV, Oct. 2-5. Paper No. MECC2023-141.

TThis work was partially funded by support from the U.S. Department
of Energy EcoCAR EV Challenge.

1 Introduction

As the Electric Vehicle (EV) market keeps growing and
maturing, it is increasingly important to maximize the safety,
reliability, and fuel economy of these cars for higher com-
petitiveness compared to traditional cars. One particular
challenge is that of wheel slip and traction control. Espe-
cially for all-wheel-drive (AWD) EVs with multiple sources
of propulsion and braking, it is critical that the onboard con-
trollers deploy the right combination of these available actu-
ators to maximize safety, dynamic performance, and energy
efficiency. In the case of braking control, for example, the
braking torque distribution greatly influences both the vehi-
cle fuel economy and safety. Most fuel economy benefits of
electrification are undermined if the vehicle wastes energy
in friction brakes rather than recuperating through the elec-
tric motors. On the other hand, effective braking is critical
for ensuring safe vehicle handling in different driving condi-
tions, such that numerous researchers have investigated the
problem over the years.

Researchers have preferred model-based controllers
over rule-based ones because of the continuous control ac-
tion that ensures smoother system response and longer ac-
tuator life, as noted by the authors in [1]. However, model-
based controller design has challenges associated with pa-
rameter identification and developing simple yet accurate
system models that account for critical system dynamics.
Sliding mode controllers (SMC) are advantageous in this re-
gard due to their inherent robustness to external disturbances,
model parameter uncertainties, and how they retain the com-
plex non-linearities and dynamics in the system [2], [3], [4].
Many studies, such as one in [5], have relied on simplified
and linearized models for controller development and anal-
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Schematic diagram of dual-motor AWD electric vehicle

ysis, in which the interdependencies of the system dynam-
ics vanish in the linearization process. Therefore, non-linear
control techniques such as Sliding Mode Control (SMC)
were perceived as more suitable methods in [6].

SMC has been used in different control architectures for
traction and braking control. In [1], the authors addressed
the issue of sluggish brake actuators and chattering in SMCs
by considering frequency shaping of the sliding surface to in-
troduce tolerance to delays in physical sensors and actuators.
The authors of [2] developed a second-order SMC coupled
to a first-order sliding mode observer for wheel slip control.
Although the combined observer and controller were able
to handle disturbances and parameter variations, the control
torque appeared to have low amplitude high-frequency os-
cillations when simulated in icy road conditions without in-
put disturbances or parameter variation. In [7], the authors
developed a first-order SMC considering the uncertainty in
longitudinal speed and acceleration. Their method was able
to handle white noise in lateral tire force feedback. In [8],
the authors used an integral switching surface for their SMC
formulation based on a longitudinal vehicle model consid-
ering separate sprung and unsprung masses. The developed
controller was found to perform better than fuzzy logic, neu-
ral network, and self-learning fuzzy-SMC controllers from
previous literature. Researchers in [3] developed an SMC
controller using an exponential law for a smoother target fol-
lowing. The controller was found to be robust to errors in
motor torque and adhesion coefficient. However, tests on a
real vehicle showed chattering in slip ratio, with oscillations
and overshoot. In [4], the authors combined a low-pass fil-
ter with the SMC control law to reduce the chattering phe-
nomenon. The authors of [9] developed a combining sliding
mode controller that fused the advantages of wheel slip and
wheel deceleration control for better stability and quicker re-
sponse. However, their results showed high-frequency os-
cillations in the wheel slip and wheel deceleration towards
the end of the simulations. These prior studies highlight the
need for improved stability, smoothness, and responsiveness
in the SMC controller response.

In this work, we developed a controller to retain high re-

sponsiveness throughout the vehicle speed range, while pro-
viding smooth, chatter-free actuation commands. We incor-
porate the vehicle speed in the controller formulation, im-
proving responsiveness throughout the vehicle speed range.
AWD EV architectures, such as the one shown in Fig. (1)
have one motor on each axle and therefore have intense ac-
celeration and braking capabilities, such that the vertical tire
loads change significantly during such maneuvers. For this
study, we used a coupled non-linear model to describe our
system, that accounts for longitudinal weight transfer. Fur-
thermore, the Pacejka tire model, which captures the non-
linear nature of the tire-road interaction, is used to model
the longitudinal tractive force at the wheels. A novel sliding
mode control law is proposed in Section 2.2 to individually
regulate the longitudinal slip ratio for each axle. The proof
for controller stability is provided in Section 3. The perfor-
mance of the developed controller is shown for the emer-
gency braking scenario, an intense braking maneuver from
the US06 cycle, and for unstable initial conditions in Sec-
tion 4. The developed controller can stabilize the system
and track changing references while rejecting external dis-
turbance in the form of uncertainty in wheel slip feedback.

2 Methodology

Figure (1) shows a schematic of the dual-motor AWD
electric vehicle studied here, which is similar to the 2023
Cadillac LYRIQ from General Motors. The high-voltage bat-
tery powers both the front and rear motors, and each motor
is connected to the wheels through a gearbox and an open
differential. In such systems, different actuators can be used
for braking, namely, the front and rear motors, and the fric-
tion brakes. The braking torque control and the distribution
between these actuators highly influence both the vehicle en-
ergy consumption and safety. In this section, we first present
a model for the system, and then we discuss the proposed
non-linear sliding mode controller.

2.1 Plant Model

In this work, the longitudinal motion of the vehicle is in-
vestigated, and thus we do not make any distinction between
the left and the right wheels. The modeled states for the 2-
axle vehicle are the vehicle speed, and front and rear wheel
speeds. The vehicle acceleration is computed from the net
external forces on the vehicle body, given as

1

Ve —
M,

1
(Fx,f +Fep— 2pCdAV2> (1

where Fy r and F  are the longitudinal tractive forces on
the front and rear axles respectively, and the last term com-
putes the aerodynamic drag force based on the air density p,
the drag coefficient Cy, and the frontal area A. The rotational
acceleration of each wheel, front, and rear, is computed as
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where T, ; is the motor torque, T,; is the friction brake
torque, g; is the gear ratio between the corresponding electric
motor and wheels, and T, is the rolling resistance torque
on each axle, denoted by i = f,r, and r,, is the loaded wheel
radius. J,, is the rotational inertia of each axle, and b,, is the
damping coefficient for the axles.
We consider the weight transfer due to vehicle acceleration
and deceleration, thus the front and rear vertical axle loads
are defined as
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where, g is the gravitational acceleration, [ and [, are
the distances of the center of gravity from the front and the
rear axles respectively, and &, is the vertical height of the
center of gravity of the vehicle from the ground. The lon-
gitudinal tractive force on each axle, F, ;, is computed using
the Pacejka-Sharp magic formula tire model as

Fx.,i = ‘ueqv,in,i 5)

where 1.4, is the equivalent ground adhesion coefficient,
given by the magic formula

Hegvi = HscateDsin(Ctan™" (BA; — E(BA; —tan™ ' (BA;))))
(6)
where, U4, 1s the friction scaling factor, and B, C, D,
and E are the longitudinal stiffness, shape, peak, and curva-
ture factors, all assumed to be constant. The friction scaling
factor allows us to model the tire-road interaction for differ-
ent road conditions, like dry asphalt, wet asphalt, snow, ice,
etc.
The longitudinal wheel slip, A; is defined as

o wirw—V
' max (|w;ryl, [V])

N

This formulation ensures all driving scenarios, i.e., ac-
celeration, deceleration, and constant velocity driving, are

accounted for. During braking, which is the focus of this ef-
fort, m;r,, <V, meaning that the longitudinal wheel slip will
be negative during braking. For the rolling resistance torque,
we use a tire-pressure, vertical axle load, and velocity-
dependent formulation, as follows

Troll,i = F&PP

Z,i" tire,i

(a+b|V|+cV?)tanh(4V)r,  (8)

where, a. is the tire load exponent, B is the tire pressure
exponent, a is the velocity independent term, b is the linear
velocity dependent coefficient, and c is the quadratic velocity
coefficient.

The battery current is computed from the net electrical
power consumed or generated by the electric motors. It must
be noted that during power consumption, the mechanical mo-
tor torque, T,,; is positive, making the battery current posi-
tive, and vice versa. Thus, the battery current is given as-

Tm,i > 0
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where, V,, is the terminal voltage of the battery, given
by-

v=n(0V©-Ru®2) a0
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where, ny is the number of modules in series, OCV ({)
and R;y ({) are the open circuit voltage and DC internal re-
sistance of each cell, expressed as a function of the state of
charge of the battery, {, and n, is the number of cells in par-
allel in each module. The rate of change of the state of charge
of the cells, assumed the same for all cells, is given as

C _ 7ibatl

11
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where Q, is the nominal charge capacity of the cells.

Before we begin with controller synthesis, we need to
express all state derivatives in the proper explicit form. The
state derivative for vehicle speed, given by (1), is implicit
since the vertical axle loads, F} ;, depend on the vehicle ac-
celeration. This is converted into an explicit form using alge-
braic manipulations and the definitions in (3) - (8), as follows

V= Fi(V.0op. ) — [Heaus T lrttegny = 0.5lopCaAV?
1LV, Wf, QW lo+ hc(:ueqv,f *,ueqv,r)

(12)



where, lp = [+, is the wheelbase of the vehicle. The
vehicle model defined by Eq. (1) - (10), is used for devel-
oping the non-linear controller described in Section 2.2. All
model parameters were taken from that of a Model Year 2023
Cadillac LYRIQ, provided by General Motors, except for the
front motor specifications, which were considered the same
as the rear motor for this study.

2.2 Sliding Mode Controller

SMC is a non-linear control technique that can account
for parameter and measurement uncertainties while provid-
ing good target following and stability. Fig. (2) shows the
hierarchical control structure proposed in this work. In the
first step, we calculate the reference slip ratio, according to
Eq.s (13) and (14). The SMC controller then computes the
net braking torques required at the front and rear axles given
by Eq. (20). These values are then split into motor and fric-
tion brake torques by the torque split controller governed by
Eq.s (23) and (24). The final control input to the plant model
is a vector of 4 control signals consisting of the front and rear
motor and friction brake commands. It must be noted that the
PI driver block design and tuning have not been considered
in this study.

The reference vehicle deceleration is computed by lin-
early scaling the brake pedal position, u;(t), to the combined
maximum available deceleration force from the aerodynamic
drag and the maximum possible braking force as follows:

2
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We target equal slip on the front and rear wheels and
thus the reference slip, A 1.i» 18 computed as

MV, +0.5pC4AV?
M,g

Megv (Q\fref,i) = (14)

For a slip ratio higher than the optimum value, the sys-
tem is unstable. Thus, to provide bandwidth for disturbance
rejection, the reference slip ratio is defined as

Mregi = max (0.9 % Aopr, Mre i) (15)

The sliding surface is defined as the error between the
reference and actual slip as follows

Si = Neepi —Mi (16)

Our proposed sliding mode control law is defined by the
time derivative of the sliding surface given as
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in which 1 is a tuning parameter that controls the dis-
turbance rejection capability of the controller, and ¢g is the
boundary layer width that controls the extent of the region
in which the sliding surface switches. In this novel formu-
lation, the presence of the vehicle speed in the denominator
ensures that the system approaches the sliding surfaces faster
for lower speeds. This is unlike the traditional SMC formu-
lation as

Si
05
1

(18)
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Our choice of siding surface derivative was motivated by
the linear analysis of a simplified longitudinal vehicle model
presented in [5]. Their work showed that the linear system
poles move further into the right half-plane for lower vehi-
cle speeds, and therefore, we determined the system should
reach the sliding surface quicker at lower speeds. This new
formulation also improved the reference tracking ability of
the controller, which is presented in Section 4. Differentiat-
ing (7) for braking scenarios, and substituting into (17), we
get

n S; . rw . Vo
= o0 ) “hrerim (®im 1
v ><sat<¢s> Mref, (0) ) (19)

Using (2), and (12), and rearranging, we get the com-
bined net control torque input as

J, J, :
Tn,i = Tm,i8i — b, = erx,i+bw(Di +Trolli+ wal (Va Wy, (Dr) + Fl <7\'ref,i +n>
1%

(20)

We break down the control input into two distinct parts,

corresponding to the state-dependent-term and the sliding-
surface-dependent-term, respectively, given as

Jw
uSMC,x(t) = erx,i +b,,®; + Trol,i + vwfl (V, 0vamr) 21



Pl slip | Arers Tnet,f | Torque | Tm.f»>Tmr Vehicle
Vyer(t)— = 5 - L
e (1) Driver [ (t)> Target [ 4, ., - sMc Thetr 1 spiit Thfs Thr Model
V.wys,w,

Fig. 2. Schematic diagram for the proposed closed-loop system
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As is evident from the above expressions, the SMC con-

trol law relies on the knowledge of current states, and the rate
of change of the reference to compute the control input. For
this study, we presumed that full-state feedback, albeit with
errors, is available and assumed that the derivative of the ref-
erence slip ratio is small.
To calculate the regenerative torque command for the elec-
tric motors, we allocate the maximum permissible torque to
the motor, and the rest is handled by the friction brakes as
and when necessary

©;
Tm,i = MaX | Tper iy | 8&iTmin,i ?,Z
i

where, T, is the function mapping the motor rota-
tional speed to the maximum possible regenerative torque,
at different battery states of charge. This formulation ac-
counts for actuator effort saturation, as governed by the mo-
tor torque envelope and the battery charging rate limit while
ensuring that maximum energy is recovered during braking
instances. Finally, the friction brake command is generated
as

(23)

Tb,i = max (07Tnet,i - gﬂm,i) (24)

3 Stability Analysis
The stability of the developed controller is proven by
assuming a Lyapunov function, defined as

1

V= 55,2 (25)
The derivative of this function is given by
Vi=5;xS; (26)
Substituting for S; using Eq. (17), we get
- nSi Si
Vi=—— tl — 27
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From the definition of the saturation function, it follows
that

S forS; < —¢s
Vi= —V’f;;, for —¢s <S; < (])s (28)
—S"Vn for S; > ¢s

Asseen, V;is negative over the entire domain of ;. This
will guarantee that the sliding surface reaches a boundary
layer, of width ¢, within finite time. Note that the traditional
SMC formulation uses a signum function, sgn(S), rather than
the saturation function, sat(%). However, our simulations
showed that using the signum function adds undesired chat-
tering to the computed control signals, and thus sat(%) was
used instead.

4 Results

In this section, we present the results obtained from
closed-loop simulation of the developed SMC on the non-
linear coupled vehicle model described by (1)-(11), while
adding 5% uncertainty in the form of white noise to the lon-
gitudinal wheel slip feedback received by the controller. We
test the closed loop system response for an emergency brak-
ing scenario, for a section of the US06 cycle, and for starting
from an unstable initial condition, i.e., locked wheels. We
compare the performance of the developed controller to that
of the traditional SMC to demonstrate the superior perfor-
mance of the proposed formulation. It must be noted that
the longitudinal wheel slip ratio and torque values presented
in the figures have been normalized with respect to the opti-
mal wheel slip ratio and the maximum motor torque values
respectively, to maintain the confidentiality of data.

4.1 Emergency Braking Maneuver

The simulated emergency braking maneuver is a stan-
dard 60-0 mph braking test to examine and quantify the ve-
hicle’s braking capability. We expect our controller to curb
the longitudinal wheel slip within the stable region as defined
by the Pacejka tire model in (6). This allows us to minimize
the braking distance by maximizing the longitudinal tractive
force available at the wheels. Fig. (3), (4) and (5) show this
braking scenario. Fig. (3) shows the velocity, normalized
wheels’ slip ratio, and the state and sliding variable depen-
dent parts of the SMC control input for the traditional sliding



mode controller, while Fig. (4) shows the corresponding re-
sults for the proposed controller in this work. In the bottom
sub-plot of Fig. (3), we can see that the sliding mode depen-
dent term, ugy,c 5, of the SMC control input stays constant.
For ”j;‘MC,  to stay constant as the velocity decreases, the slid-
ing variable, S; itself has to increase, since-

* Vi (4 S
ugye,s(t) = . <7bref,i 41 X sat <¢)>

w S

As the error in wheel slip increases, the state-dependent
term for the traditional controller also rapidly diminishes in
value. For our proposed controller, however, the sliding sur-
face dependent term is given by Eq. (22), which is inde-
pendent of the vehicle speed. Hence, the bottom subplot of
Fig. (4) shows constant sliding-surface-dependent and state-
dependent terms. This allows our developed controller to
be able to bring the vehicle to a complete stop faster, while
the same is not true for the traditional SMC controller. Fur-
ther, the bottom subplot of Fig. (3) shows how the traditional
SMC controller has significant oscillations in the sliding-
surface dependent control input.

The normalized control inputs from the proposed SMC
control law and the corresponding normalized motor regen-
erative torques and friction brake torques are shown in Fig.
(5). Since the proposed controller targets the same optimum
slip ratio at the front and rear wheels independently, both
the front and rear axles are near the maximum longitudinal
traction limit. Due to the weight transfer under severe de-
celeration, we see a large difference in the requested brake
torque at the front and rear axles, such that a significantly
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Fig. 3. Vehicle speed (top), normalized longitudinal wheel slip (mid-
dle), and SMC control terms (bottom) for traditional SMC for emer-
gency braking maneuver
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using proposed SMC controller

lower torque is requested on the rear axle. Note that this con-
trol maximizes the braking capacity of the vehicle, and it was
only possible by accurately accounting for the vehicle weight
transfer during braking, without which the rear wheels will
be easily locked, resulting in reduced deceleration rate of the
vehicle and undermined vehicle safety.



US06 Cycle and Custom Maneuver

40
\;“
W/ ——
30} " 114“‘_"/ a g
Iz \ "
£ ;‘J Voo
=201 v — —-US06
5] ! I y ! ~
2, | 1| | L Custom Maneuver
v 10 H! \ I ! Start
]J \ l’ \ : ————— Stop
0 1y Y ] | .
0 100 200 300 400

Time (s)

Fig. 6. USO06 drive cycle with start and stop times for the simulated
maneuver

4.2 US06 Maneuver

To test the proposed controller’s performance in another
real-world scenario, we simulated the final 35-second leg of
the US06 cycle, as shown by the start and stop times in Fig.
(6), because it had the sharpest deceleration across the entire
cycle. The top plot in Fig. (7) shows the reference and actual
vehicle velocity. The middle plot shows the reference and
actual wheel slip. Note that the shown reference is the refer-
ence input for the SMC and thus it is only non-zero during
braking. In the braking section, the controller is unable to
achieve perfect reference tracking to compensate for distur-
bance rejection capability. The bottom plot in Fig. (7) shows
sliding surface-dependent, and state-dependent parts of the
SMC control inputs. As we can see, the sliding surface-
dependent term increases in magnitude when the noise in
wheel slip feedback is greatest, right before ¢ = 30s.

Fig. (8) shows the commanded normalized motor
torques at the wheels. For this scenario, the motors can
supply the entire requested braking torque, thus the friction
brakes are not activated. This would be true for the rest of the
US06 cycle too, at L = 50%, since this particular maneuver
has the highest deceleration. As seen, the front and rear mo-
tor torques are same in traction, but different under braking.
This is because under traction, the torques are split equally,
while under braking, we target the same slip ratio on both
wheels. This leads to torque commands proportionate to the
vertical loads on the respective wheels.

4.3 Stabilization Performance of the Proposed Con-
troller

While applying the regenerative or friction brakes, if the
longitudinal wheel slip ratio exceeds the optimal point, the
delivered tractive force decreases with increasing absolute
wheel slip. In this situation, the wheels eventually stop rotat-
ing and lock. One of the primary functions of a good brake
controller is to prevent operating in these unstable regions, as
it leads to loss of lateral control and increased stopping dis-
tance due to saturated tire forces. In the simulations shown
above, we targeted the reference slip ratio starting from a
stable initial condition. However, in real-world implemen-
tation, the wheels might lock for any reason and hence it is
important to verify that the developed controller can drive the
system to a stable operating region from unstable initial con-

Speed (mis)

A (%)

Time (s)

Fig. 7. Vehicle speed (top), normalized longitudinal wheel slip per-
centage (middle), and SMC control terms (bottom) for custom US06
maneuver

Time (8)

Fig. 8. Normalized motor torques at the wheels for the custom US06
maneuver

ditions. The top plot of Fig. (9) shows the longitudinal wheel
slip response of the front and rear wheels when the simu-
lation starts from an unstable initial condition of A; = —1,
which equates to fully locked wheels. As seen, the devel-
oped controller can stabilize both the front and rear wheels
within less than 0.2 seconds. The front wheels are stabilized
slower than the rear ones, since the destabilizing contribu-
tion from the state-dependent term of the SMC, shown in
the lower plot, is larger due to longitudinal weight transfer,
while the sliding surface-dependent term, saturates at the up-
per threshold dictated by n in Eq. (22).

5 Conclusion & Future Work

This work proposed a hierarchical control structure for
brake control of a dual-motor all-wheel-drive electric vehi-
cle. The control system relies on a novel sliding mode con-
troller that produces total braking torque on the front and rear



)

s00F -

A

1000 s

0 0.5 1 1.5

—— e e e e e ]

Time (s)

Fig. 9. Normalized longitudinal wheel slip (top) and SMC control
torque (bottom) for a braking scenario with unstable initial conditions

axles by accounting for the nonlinear vehicle dynamics and
tire model, and the longitudinal weight transfer during brak-
ing instances. The torque split controller assigns the maxi-
mum permissible braking torque to the electric motors and
supplies the rest using the friction brakes. It was shown in
the simulations that the proposed controller has better refer-
ence tracking and disturbance rejection capabilities over the
traditional SMC formulation for an emergency braking sce-
nario. The successful performance of the proposed controller
was also demonstrated on a segment of the US06 cycle and
for starting from an unstable initial condition.

For this study, we assumed access to erroneous state
variables, which, in a real vehicle, need to be calculated from
limited and noisy sensor data using state estimators. In the
future, the controller will be integrated with an estimator, ex-
tended to account for parameter uncertainty, and adapted for
deployment on a real-time system. The future research di-
rection could also be to design an improved torque split con-
troller that accurately takes into account the motor, inverter,
and battery states and losses. Further, the controller design
can be extended to include lateral vehicle dynamics, and ac-
count for steering input and spatially varying ground-tire ad-
hesion characteristics.
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