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Electromechanical Brake Modeling and Control:
From PI to MPC
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Abstract—The electromechanical brake (EMB) force control
problem has been approached in prior work using cascaded
proportional-integral (PI) control with embedded feedback loops
to regulate clamp force, motor velocity, and motor current/torque.
However, this is shown to provide limited performance for an EMB
when faced with the challenges of actuator saturation, load-depen-
dent friction, and nonlinear stiffness. There is a significant margin
for improvement, and a modified control architecture is proposed
using techniques of gain scheduling, friction compensation, and
feedback linearization. A further improvement is then achieved
by incorporating a model predictive control that better utilizes the
available motor torque. Simulation and experimental results are
presented to demonstrate the improvement in performance.

Index Terms—Cascaded proportional-integral (PI) control,
electromechanical brake (EMB) model, electromechanical brakes
(EMBs), feedback linearization, friction compensation, gain
scheduling, model predictive control (MPC).

I. INTRODUCTION

HE potential for electromechanical brakes (EMBs) to
Tsucceed hydraulic brake systems has continued to at-
tract the interest of automotive manufacturers and the brake
research community. Part of the appeal is that EMBs offer
the potential benefits of component reduction, system weight
reduction, “plug, bolt, and play” modularity, improved brake
performance, and a brake system that supports a drive-by-wire
platform. There is potential for a more coordinated vehicle dy-
namics control with integrated “by-wire” operation of throttle,
steering, and brakes. Two applications foreseeable in the imme-
diate term are improved electronic stability programs and the
provision of a system that is well suited to coordinate regenera-
tive braking. Looking further ahead, the drive-by-wire concept
provides a platform that may ultimately support autonomous
vehicles.

Electromechanical disk brakes, such as the patent design
shown in Fig. 1, typically comprise an electric motor driving
a mechanism with rotary-to-rectilinear reduction to clamp
and release the brake rotor. A wealth of information on the
mechanical design of these actuators may be found in scores of
patents that have originated from most of the major automotive
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Fig. 1. WO 2005/124180 Al: actuating mechanism and brake assembly
patented by PBR Australia Pty. Ltd. [1].

manufacturers. A number of these innovative prototypes have
been deployed as foundation brakes on concept vehicles. While
a consensus has yet to be established regarding the technology,
some forecasts predict commercial introduction within coming
decades. Already, related electromechanical park brakes have
proven to be a successful forerunner for the commercialization
of such technology.

In Fig. 1, a motor torque may be developed between the stator
Dand the rotor @) The motor rotor drives the planetary gear Q)
and ball screw @to operate the piston G)and clamp the brake
pads ©) The brake clamp force F, is reacted over the bridge of
the floating calliper (Dto the opposing brake pad.

EMB actuators are installed with a mechanical, power, and
communications interface to the vehicle. Brake commands from
the driver or vehicle dynamics controller are transmitted via an
in-vehicle network that is based on a safety-critical, time-trig-
gered communication protocol. Depending on how function-
ality is arranged between the central vehicle controller and the
actuator control, brake instructions may command brake torque,
brake force, or a particular mode of operation such as standby,
off, or anti-lock braking. It is here that the EMB control problem
is encountered; a control algorithm is required to respond to the
brake commands and operate the brake actuator.

The EMB control problem is characterized by the challenges
of a large operational range up to 40 kN, actuator saturation,
load-dependent friction, and nonlinear stiffness. Some prior
work on EMB control has followed the approach of a cascaded
proportional-integral (PI) control architecture. An outer-loop
force control and inner-loop motor current control is used in
[2] and [3]. Meanwhile, cascaded clamp force, velocity, and
current/torque control loops are described in [4]-[11].

This paper extends the earlier work, beginning with an inves-
tigation on how to optimally tune the control gains. It is found
that a single set of fixed gains cannot cover the entire oper-
ational envelope satisfactorily. Further, degraded performance
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Plant

Fig. 2. EMB model relating input motor quadrature current to output clamp
force.

is observed for fine maneuvers during brake operation due to
the load-dependent friction. Consequently, a modified control
architecture is proposed to address the plant nonlinearity with
techniques of gain scheduling, friction compensation, and feed-
back linearization. A further improvement is then achieved with
the inclusion of a model predictive controller that better uti-
lizes the available motor torque. A simplification and relaxation
of the constrained, nonlinear model predictive control (MPC)
problem is followed to achieve a practical, real-time implemen-
tation on the embedded controller of a prototype EMB.

This paper is organized as follows. Section II presents the
EMB model used for control design and simulation. Section III
covers the problem of tuning the PI gains. Section IV contains
proposed modifications to the control architecture. The inclu-
sion of MPC is then considered in Section V. Simulation and ex-
perimental results are included to demonstrate the performance
with the successive control modifications.

1I. EMB MODEL

The simplified EMB model used for control design and anal-
ysis is shown in Fig. 2. The model input is the motor quadrature
current 4, and the output is the brake clamp force F¢. Related
work on EMB modeling may be found in [4]—[9], [12], and [13].

The EMB model was used to describe a prototype actuator
similar to that in Fig. 1. More generally, the model describes
an electromechanical disk brake with a single motor drive and
without brake “self-energization.” It is a “half” calliper model
based on that in [9], and it assumes that the clamp force devel-
oped between one brake pad and the rotor is reacted over the
bridge of the floating calliper by the opposing brake pad. The
model considers a torque balance about the motor axis assuming
lumped inertia, stiffness, and damping. The motor angular ac-
celeration 6 is determined by the effective moment of inertia .J
and torques due to the motor 7),,, load 77, and friction T as

T — T —Tr = JO
so that

igKy — FaN — Tp = J@ 1)

Fig.3. Friction model is depicted as a friction-velocity map relating the friction
torque T and the motor velocity 6. It has a load-dependent term G F., and
describes viscous friction, Coulomb friction, and static friction at lockup.

where i, is the motor quadrature current, K, is the torque con-
stant, Fy; is the brake clamp force, and NV is the gear ratio.

The friction model is perhaps best described as a friction-ve-
locity map with load dependency and lockup behavior. The fric-
tion torque T is modeled as a function of the motor angular
velocity 9, brake clamp force F|, and the external torque Tg.
The model is depicted in Fig. 3 and is given explicitly by (2),
shown at the bottom of the page. Here, D is the viscous friction
coefficient, C' is the load-independent Coulomb friction torque,
G is the friction load dependency, and 75 is the load-indepen-
dent static friction torque. € defines a small zero velocity bound
in accordance with the Karnopp remedy for zero velocity de-
tection [14]. This zero velocity bound for the friction model is
depicted in Fig. 3. For consistency, the bound is also imposed
on the velocity signal ¢ in Fig. 2 following the integration of the
motor angular acceleration 6.

A nominal translation of the piston mechanism z is deter-
mined by the motor angular position # and the reduction V. The
clamp force F¢ is then given by a nonlinear stiffness.

The simplifying assumptions of the EMB model mean that
it does not capture the secondary effects of friction presliding
motion, internal mechanism compliance, nor viscoelastic stiff-
ness. However, these effects are only marginally significant for
describing the behaviour of macromotion brake maneuvers.

Prior to simulating the EMB, it was necessary to measure the
model parameters. Bench-top tests were conducted with the pro-
totype actuator operating on a clamp force measurement plate.
The characteristic stiffness was determined from measurements
of motor position and clamp force. While this is known to vary
with pad wear and temperature [6], all experiments were run
at room temperature and with the same unworn brake pads for
consistency. With the zero position defined as the contact point
between the brake pad and rotor, the measured stiffness from 0
to 40 kN was approximately described by

Fo— —7.2323 4+ 33.722 — 3.97x,
7 0.1295,

x> 0.125
otherwise.

3

Here, the clamp force F¢ is given in kilonewtons, and the nom-
inal piston position z in millimeters.

D + (C 4 GF,)sign(6),

TF = TE7

(Ts + GFu)sign(Tk)

V|0| > e
if|f| < e and [Tg| < (Ts + GFy) (2
otherwise
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Fig. 4. Measured and simulated EMB responses to step motor current com-
mand.

The motor torque constant was determined at standstill from
measurements of motor torque and the three-phase motor cur-
rents. Clark and Park transformations were applied to deter-
mine the motor quadrature current. For the experimental pro-
totype used in this study, the torque constant was found to be
K; = 0.0697 N-m/A.

The load-independent static friction was measured in the
clearance region from a series of breakaway tests as approxi-
mately 75 = 0.0379 N-m. The viscous friction coefficient was
estimated from a series of constant velocity traverses across
an extended clearance as D = 3.95 x 107 N - m - s/rad. The
constant Coulomb friction offset was concurrently identified
as C = 0.0304 N-m. The friction T was then determined
over a series of applies using (1) and measurements of 7;,,, 77,
and J6. An estimate of the friction parameters could then be
based on (2) for the state of motion V|f| > &. The friction load
dependency was determined by a least-squares linear regression
as G = 1.17 x 107 N-m/N. This approach of linear regression
can also render reasonable estimates for D and C.

The total gear ratio between the motor and the nominal piston
position was calculated from the mechanism geometry as N =
0.0263 mm/rad. Component masses were measured, and mo-
ments of inertia were calculated. Accounting for gearing, the
effective system inertia seen by the motor was approximately
J =0.291 x 1073 kg - m?.

Using the identified system parameters, the measured and
simulated EMB responses are compared in Fig. 4. Two maneu-
vers are shown on the same plot for a low and higher quadra-
ture-current input 4,. In each of the two maneuvers, the mea-
sured current was used as an input to the model. Results indicate
areasonable prediction of the states, both the motor velocity and

the brake clamp force. The model also predicts the transient and
steady-state response with reasonable accuracy.

The model of the EMB mechanism may be extended with the
addition of an electric motor circuit. While a three-phase motor
circuit may be necessary for analysis of the electrical drive, as
far as the mechanical dynamics are concerned, a single-phase
equivalent motor model is sufficient to capture the effects of the
back electromotive-force (EMF) and the limited supply voltage.

A single-phase equivalent motor circuit was used in this
study, based on the model described in [9], with the back-EMF
constant set as 2/3K;. The electrical circuit included a 0.05-$2
resistance and a 56-uH inductance in series. There was a 42-V
saturation on the maximum power supply voltage.

The simplified EMB model that is used in this paper for con-
trol design and simulation may also provide a useful tool for
mechanical design. Part of its elegance is that the reduced set of
model parameters is practical to identify for a particular electro-
mechanical brake. Further, the model is found to predict brake
maneuvers with reasonable fidelity.

III. BASELINE: CASCADED PI CONTROL FOR EMBS

To place the problem of EMB force control in context, a brief
historical background is provided.

A. Historical Background

Early electromechanical motorcar brakes were driver-con-
trolled using switches and variable resistors. One example from
apatent in 1899 describes an electromagnetic drum brake with a
“switch box” and a ““suitable switch bar” to regulate the excita-
tion current [15]. A second patent from the same year describes
an electromagnetic disk brake with a switch to adjust a variable
resistor and control the brake excitation [16]. Feedback position
control was later introduced on some EMB designs. An early ex-
ample is the motorized drum brake described in a 1914 patent
with a control switch to adjust the commanded brake position
[17].

While brake torque control would be preferred from the view-
point of controlling vehicle dynamics, obtaining feedback mea-
surements is challenging. For this reason, EMB rake designs
have mainly deferred to brake clamp force control as the next
best, or least removed, alternative.

Force control was pioneered in robotic mechanisms around
the 1950s and 1960s [18]. One early application noted in
Whitney’s 1985 “historical perspective” was the use of “elec-
tric-servo manipulators with force reflection” for remote
radioactive hot lab work [18]. A “generic scheme” for force
control was proposed by De Schutter in 1987 [19]. It general-
ized earlier approaches with an architecture that had outer-loop
force control and cascaded inner control loops to successively
manage position, velocity, and acceleration.

Around the same period a standard motion control architec-
ture was established. Referencing works from the 1950s and
1960s, Leonhard states “there is general agreement that the most
effective control scheme for drives is a cascaded or nested struc-
ture with a fast inner control loop” [20, p. 81]. A structure with
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Fig. 5. EMB control architecture with cascaded force Fv,, velocity 6), and cur-
rent ¢, control loops.

control loops for position, velocity, and motor current was de-
scribed. The inclusion of “feed-forward reference signals de-
rived from an external reference generator” was also advocated
for improved performance [20, p. 82].

With ideas from robotic force control and servomotor control
as potential influences, force control was introduced to EMBs.
One example is Lidosha Kiki Ptd. Ltd.”s 1986 patent description
of an electromechanical disk brake with feedback force control
[21].

In more recent work, clamp force control has been imple-
mented on EMBs with embedded control loops for force, motor
velocity, and current/torque. Air-gap management in the clear-
ance region has been handled with a transition to outer-loop po-
sition control across the contact point between the brake pads
and rotor. Recent work on cascaded clamp force control for
EMBs is reported in [4]-[11].

B. Cascaded PI Control Architecture

An architecture for cascaded EMB force control is shown in
Fig. 5. It has three control loops to regulate the clamp force,
motor angular velocity, and the motor current. Each control loop
has PI control acting on the tracking error and an integral anti-
windup scheme. In this study, conditional integration is imposed
on the force and velocity control, while the current control has
limited integration. There are protection limits on the set-point
commands for the velocity |#*| < 300 rad - s—! and the motor
current |Lfl| < 40 A. The force, velocity, and current controllers
were run at 0.25, 1.25, and 5 kHz, respectively. In practice, the
current control may include watchdog protection, back-EMF
compensation, and feed-forward decoupling of the quadrature
and direct circuits. Some features of the current control were
executed at a faster 20 kHz. The power stage of the embedded
controller had a (direct current) dc-link converter to operate a
three-phase, permanent-magnet synchronous motor. Further de-
tails on this class of electrical drive are provided by Leonhard
in [20].

C. Tuning the PI Gains

Recent surveys on methods to tune PI differential (PID) con-
trollers may be found in [22] and the references therein. PID
control is also widely covered in texts such as [23]. From the
various methods for gain selection, an optimal tuning approach
was chosen for the present work.

Since the clamp force tracking performance is a function of
the controller gains (P, I¢, P, and I,,), an optimal tuning can
be found for a given maneuver by minimizing an appropriate
quadratic cost function. The EMB model in Section II was used
for optimization. The MATLAB solver “Isqnonlin( )" was used
with an appropriate search space and initial guess to solve the
following nonlinear optimization problem:
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Fig. 6. Optimal PI gains (Py, I, P,, and I,,) to the various “end forces” from
a nominal 0.1-kN start force.
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Fig. 7. Surface and contour plot of the optimal proportional force gain Py for
steps defined by the various “start” and “end” forces.

n

Zekaefk +u;kRu;k 4)
k=1

min
Py I¢,Py,I,

where efk(Pf,If,Pv,L,> = F:l — Fcl(Pf7If7Pv7L,) is the
clamp force tracking error, u;k(Pf, I;,P,,1,) = iy Kywy, is
the power demand, and n is the number of sample instants to
the end of the maneuver. The weightings ) and R were selected
such that cost on the tracking error was dominant.

Using this optimization approach, the force and velocity PI
gains were tuned for an array of step maneuvers throughout
the work envelope. Appropriate current control gains were
held fixed throughout the maneuvers, with the fast electronic
transients having little influence on the slower mechanical
dynamics. The set of optimal gains plotted in Fig. 6 correspond
to step force applies from a nominal 0.1 kN. The optimal
proportional force gain is also plotted in Fig. 7 for the steps
defined by the various “start” and “end” force levels. In each
case, the initial position was determined from the start force via
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Fig. 8. Large and small magnitude brake apply with fixed gains that are appro-
priate for the large maneuver.
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Fig. 9. Large and small magnitude brake apply with fixed gains that are appro-
priate for the small maneuver.

the stiffness curve. The initial velocity was set finitely small at
0% and with the right heading to avoid the zero velocity state.

Of the four gains, an appropriately tuned proportional force
gain Py was most influential in reducing the optimization cost,
followed by the proportional velocity gain P, and the two in-
tegral gains Iy and I,. The dominant influence of Py will be-
come apparent in Figs. 8 and 9, where it is adjusted alone to
significantly alter the performance. The spread of the numeri-
cally optimized gains will increase as their influence on the cost
decreases. Thus, due to its dominance, the trend for P in Fig. 6
is well established while there is variability in the other gains,
particularly I,,.

It should also be noted that the search algorithm has the poten-
tial to become stuck in local minima. For example, if the initial
guess for the optimal gains is near zero, then the optimisation
can identify a local solution where the gains are set to zero to
minimize the term uj) Ruy, . The performance time histories
were checked to avoid generating clearly erroneous solutions
that may be associated with local minima. The most significant
result from the optimal tuning was the trend for the dominant
proportional force gain Py.

In Figs. 6 and 7, it may be observed that the optimal pro-
portional force gain is elevated for small magnitude maneuvers.
This is also shown by the high gain ridge in the contour plot. The
proportional gain “ridge” is also elevated at higher clamp forces
where the system is driven under load. The variation in optimal
gain is due to the combined effect of the current saturation, the
cost penalty on the power demand, and the increasing signifi-
cance of friction for fine maneuvers. The proportional force gain
also acts to schedule actuator deceleration based on the tracking
error. Since the motor torque is limited and greater momentum
is developed during large maneuvers, it is then necessary to ex-
tend the deceleration period using a smaller proportional force
gain. Hence, it is clear that no one set of fixed gains can be close
to optimal for all possible steps.

The degree to which suboptimal gain selection can affect
closed-loop performance was investigated in simulation. For the
example in Fig. 8, a set of fixed gains that is near optimal for a
full application (Py = 0.034, Iy = 0.15, P, = 0.51, I, = 4.2)
is observed to be overly conservative for a light apply.

Conversely, Fig. 9 shows that a set of gains appropriate for a
light application (Py = 0.17,I; = 0.15, P, = 0.51, [, = 4.2)
result in significant overshoot and increased settling time when
used for a larger application.

The cascaded PI control structure in Fig. 5 has been used for
EMBs in prior work and on some prototype vehicles. However,
with fixed gains, the control cannot cover the operational en-
velope without substantial degradation in performance relative
to the optimal set. Furthermore, the proportional gain ridge in
Fig. 7 shows that the optimal gain set varies with the details of
the brake maneuver, precluding a simple gain schedule based on
the clamp force.

IV. MODIFIED CONTROL ARCHITECTURE

It is apparent that there is substantial opportunity to improve
upon the performance of a fixed-gain cascaded PI control for
an electromechanical brake. The degraded control performance
shown in Section III results from its inability to manage actuator
nonlinearity. Load-dependent friction also poses a challenge for
fine amplitude maneuvers. Possible improvements may include
the addition of derivative control, feed-forward action, or tech-
niques of gain scheduling and feedback linearization.

An extension from P to PID force control was suggested
in [10] and [11] to “provide more design freedom in shaping
the force dynamics.” However, in simulation, the extra design
freedom was not sufficient to maintain a high level of control
performance for all brake operations. Also, the derivative ac-
tion can amplify high-frequency noise. Interestingly, this may
actually be beneficial in some scenarios, as it acts like a dither
signal to help mitigate the effect of static friction.

Another powerful mechanism for improving the performance
of the baseline cascaded PI control is the addition of feed-for-
ward action. The use of feed-forward control is common, and its
benefits are advocated in texts such as [20] and [23]. In Fig. 10,
for example, a reference generator is included to synthesize
commands for the force, velocity, a_lnd current. Saturations are
applied as before to the commands 6* and i, for protection. The
reference generator may be configured in a number of ways, and
a simple example is shown in Fig. 11. It has a feed-forward cur-
rent command for the computed load, ¢yer = F;N/K,. Then,
to obtain a velocity reference, a filter was first applied to the
force command to generate a desirable profile. The filter acts as
a profile generator and may be chosen as a second-order transfer
function. This generates an achievable or desired response for
the second-order actuator. The profiled force was converted to a
position by an inverse stiffness function. This was differentiated
and adjusted by the gear ratio to give the motor velocity refer-
ence Opef.

In simulation, the feedforward reference generator greatly
improved the range of over which satisfactory control perfor-
mance was maintained. However, it was not trivial to create
a reference generator that was appropriate for all maneuvers
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Fig. 10. Cascaded control with reference generator for feed-forward control action.
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Fig. 11. Example reference generator to synthesize the reference force Fey,et,
velocity f.e¢, and current command % gyef.

throughout the work envelope. For example, the described pro-
file generator tended to overexcite the system and cause over-
shoot for some small maneuvers. Of course, the simple ref-
erence generator may well be improved over a second-order
transfer function. A more sophisticated version might include
rate limits, an improved system model, scheduling, or some
system inverse. Before pursuing a more complex solution, how-
ever, the benefits of other control strategies might first be con-
sidered. Indeed, it may be possible to address the challenges of
actuator nonlinearity more directly by techniques of gain sched-
uling and feedback linearization.

The method of feedback linearization may be used to directly
compensate the nonlinear loads that arise due to friction and the
characteristic stiffness. For example, compensation of the static
and Coulomb friction torque 7T ,. may be implemented based
on the following model:

(C + GFCl)sign(é), V|9| > e _
(Ts + GF)sign(0*), iflf| < ejand |0*] > &
0, otherwise.

Ts/c

)

Here, the small interval defined by ¢, is used to implement
the Karnopp remedy for zero velocity detection [14]. Similarly,
a small deadband +e; may be defined to avoid unnecessary
switching due to noise or otherwise. For generality, if 6* is not
calculated in the control, then the term 6* may be replaced with
(F} — Fa) to give the desired heading, or sign, at zero velocity.

A friction-compensating current is determined from the fric-
tion model as i, = T;/./K;. As discussed, the friction pa-
rameters D, C, and G were determined using measurements of
the motor torque, velocity, and clamp force. Since the embedded
controller has access to these measurements, it may be possible
to identify and update the friction parameters online.

Experimental tests were run using the prototype EMB and the
fixed-gain PI control, with and without friction compensation.
The trials were run back-to-back with the friction compensation
either enabled or disabled. Fig. 12 shows the results when the
command was a fine 2% modulation about a 25-kN load at a
frequency of 4 Hz. It may be observed that there is a significant
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Fig. 12. Measured fixed-gain PI responses with and without friction compen-
sation for a fine 2% modulation about a 25-kN clamp load at 4 Hz.

improvement when the friction compensation is active. While
the compensation is not perfect, it is effective in overcoming
the lockup due to static friction. In the motor velocity subplot,
the catching around zero velocity is mainly avoided when the
friction compensation is enabled. Step changes may be observed
in the subplot for the motor quadrature current as the friction
compensation switches the compensating torque 7 . across the
zero velocity threshold.

As a further elaboration, a second compensation term was
included in the current command to counteract the load torque
disturbance on the motor: it was given by i, = FqN/K;.
Some comparison may be drawn with the previous feed-forward
term for 44,.¢ that was based on the command F| rather than the
measurement F.

While the nonlinear stiffness and the resultant load torque dis-
turbance may be feedback linearized in other manners, the pro-
posed compensation is perhaps the most simple. The total com-
pensating current command is then the sum of the two compen-
sating terms 4y, = iy.q + iy.o. Since the feedback linearization
cannot be perfect, the feedback control K. offers a mechanism
to manage the remaining disturbance.

In addition to the feedback linearization, a precompensating
inverse gain was incorporated (a form of gain scheduling [24])
to isolate the controller from the stiffness nonlinearity.

The resultant modified control architecture is shown in
Fig. 13. At the plant input, the current command 4; was limited
to 40 A and then commutated by the power electronics based
on measurements of the motor position 6 to produce the current
14. The implementation of the current control was standard and
similar to that in [20, p. 334]. The inverse gain was chosen
such that the composite stiffness gain was a constant (from
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Fig. 13. Control architecture with precompensating inverse function and feed-
back linearization.

z to v in Fig. 13). With the feedback linearization included,
the controller K, is mainly isolated from plant nonlinearities,
except for the unavoidable case of actuator saturation. The plant
components that are compensated are shaded in grey. The char-
acteristic stiffness may be identified online from measurements
of the motor position and clamp force to track variation with
pad wear or temperature. It would then be possible to update
the inverse gain accordingly.

The gains of the cascaded PI control were optimally tuned
for the modified control architecture using (4), resulting in an
optimally gain-scheduled design.

The modified control was implemented on the prototype
EMB controller for testing. Its performance was then compared
with that of the baseline fixed-gain PI control. Experimental
results are shown in Figs. 16 and 17 for a large and a small brake
apply. These maneuvers were started from a light clamp load
to avoid the influence of a clearance management transition
near zero load. The measurements were recorded at a rate of
25 kHz. For the large apply, it may be observed that the fixed
PI gains are (intentionally) near optimal, and a similar response
is observed for both the fixed-gain and modified control. For
this full apply, the compensation terms are ineffective because
most of the maneuver is subject to current or velocity (slew-
rate) limits. However, for the light apply in Fig. 17, these slew-
rate limits are not invoked, and the modified control offers a
significant improvement.

A slight initial motor motion is observed for the small mag-
nitude apply in Fig. 17, without a significant corresponding
change in measured clamp force. This effect is also evident
during the time interval from 0.07 to 0.13 s, where there is a
velocity reversal with negligible change in the clamp force. The
same effect may also be observed in Fig. 12 for the uncom-
pensated control where there are slight motions without any
variation in the measured force. Thus, there appears to be some
internal compliance in the transmission.

V. MODEL PREDICTIVE CONTROL

A. Constrained MPC Offline

The controller K. in the modified control architecture of
Fig. 13 is not limited to a basic cascaded control. It may
be complimented with feed-forward action as suggested in
Section IV, for example. An attractive alternative is to incorpo-
rate MPC based on the actuator dynamics and an appropriate
cost function. Unlike other control approaches, a MPC design

can directly account for actuator saturation. Further, the ap-
proach is intuitive and appealing to engineers who tend to have
strengths in the art of system modeling.

Given a reasonable actuator model and a cost function that
defines the control objective over the prediction horizon, dy-
namic programming may be used to solve the nonlinear control
problem. Unfortunately, the computational demand currently
prohibits a dynamic programming algorithm from being exe-
cuted in real time for the electromechanical brake. An alterna-
tive is to solve the optimization offline and save the solution in a
multidimensional lookup table (LUT) based on the system states
and the setpoint target. A similar approach was applied for elec-
tronic throttle control in [25]. This strategy may also provide
a practical implementation for EMB control, but the method is
more complex, demanding of memory, and not readily adapted
to handle online plant variation. The latter would be desirable
on an EMB to manage changes in friction or stiffness that may
occur with wear and temperature.

In an effort to find a practical and adaptable implementation, a
simplification to the nonlinear model predictive control problem
was sought. This was achieved by utilizing the modified con-
trol architecture proposed in Section I'V. It may be recalled that
feedback linearization and inverse gain scheduling were used
to isolate the controller from plant nonlinearity except for the
unavoidable case of actuator saturation. Hence, the “apparent
plant” that is “seen” by the controller K. may be reasonably
approximated as a linear time-invariant system with saturation
on the control input. The corresponding MPC problem is signif-
icantly simplified.

In reality, the actuator is better described as a slowly time-
varying system, and this might be handled by updating the pre-
dictive model of the MPC. As discussed, the embedded con-
troller has access to measurements of the clamp force, motor
position, velocity, and torque to identify the stiffness and fric-
tion online.

While integral anti-windup may be used in control designs
that do not directly account for actuator saturation, an improved
utilization of the available motor torque is possible with MPC.
When the modified architecture is used, the remaining nonlin-
earities are due to the motor current and velocity limits. Hence,
the optimization problem may be posed with a hard constraint
on the motor current and a soft constraint on the motor velocity
to ensure a feasible solution. An appropriate soft velocity con-
straint will not result in motor damage.

The constrained predictive control may be formulated as a
quadratic programming problem. Solutions may be computed
using interior-point or active-set methods. The optimization
problem is described as

. ex T -
min (e?Qef + Aiy RAig + p||€||2)

subject t0dy in < iy <l max ©)
where
o
Alq =

Ait(k+ Hy, — 1)
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and

er(k)
ef =
er(k+ Hy)

Here, p weights the slack variable, €, to penalize violation of
the soft velocity constraint. The clamp force tracking error at the
sample instant k is e s (k) = v*(k) —v(k), and the change in the
current control is Aiy (k) = 4y (k) —i; (k—1). The cost function
has a penalty on changes in control to avoid chatter. i/ ,;,, and
i max define the hard constraint on the motor current command
iy. Ideally, the optimization would consider a dynamic satura-
tion to explicitly allocate the motor current iy, for the parallel
operation of the friction compensation and feedback lineariza-
tion. However, a fixed bound can provide a reasonable approx-
imation for most operation.

The matrices @ and R weight the tracking error and the
changes in control input. Their values were selected such that
the cost on tracking error was dominant. [, is the prediction
horizon and H,, is the control horizon. A reduced number of
control moves H,, may be chosen to decrease the computational
demand on an iterative solution. Meanwhile, the prediction
horizon H, may be extended to improve trajectory planning
and control stability. For control simulation, the prediction
horizon was set to H,, = 40. With a control period of 0.004 s,
this gave a prediction horizon of 0.16 s and was sufficient to
anticipate a full brake apply. The number of control moves was
set to H,, = 20.

The apparent plant seen by the controller K. in the modified
architecture of Fig. 13 was approximated by the predictive state-

space model _
._( D/J o)ﬁ(xt/.])i*

NK 0 0 1
v=(0 1)z )
where z = [10)]’ v was the linearized force output shown in

Fig. 13, and K = 25.6 kN/mm was the compound gain of the
stiffness and the inverse function. For implementation, (7) was
converted to an equivalent discrete time model.

The mechanism of feedback is used to handle imperfection
in the predictive model. At each time-step, the initial conditions
of the MPC optimization are set using feedback measurements
of the state variables § and v.

Solution of the constrained optimization problem (6) was de-
termined in simulation using MATLAB’s model predictive con-
trol toolbox with Dantzig—Wolfe’s active set method.

Ideally, future knowledge of the desired brake trajectory
could be used to improve the tracking performance. However,
anticipating the brake demand so that the controller can look
ahead may difficult when the driver’s intent is unknown. There
may be some potential scenarios where this is possible. For
example, it has been suggested that emergency brake ma-
neuvers can be anticipated by a high pedal apply rate during
panic braking. Also, some advantage may be possible with
antilock brake systems that command brake trajectories rather
than a setpoint. Alternatively, a future collision-avoidance
program may schedule a brake force trajectory to coordinate an
evasive maneuver. While such anticipation is beyond current
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Fig. 14. 5-kN modulation about a 20-kN load at 8 Hz for the constrained MPC
with and without look-ahead anticipation of the desired force trajectory.

applications, look-ahead action is investigated to determine the
potential for improvement. The simulated results in Fig. 14
indicate that a significant improvement is possible when the
planned brake force trajectory is available for look-ahead an-
ticipation. Without anticipation, the performance was degraded
as the current brake force demand v* (k) was simply projected
to the prediction horizon, i.e.,

for e =k,...,k+ Hp. 8)

Other projections such as a first-order hold are possible in place
of (8), but the alternatives also have their limitations.

B. Unconstrained MPC for Online Implementation

For practical implementation on the embedded controller of
a prototype EMB, it was necessary to reduce the computational
load of the MPC. The constraints were relaxed so that an ana-
lytic closed-form solution was available for the unconstrained
optimization problem

win (e Qey + Ay RAL; ) . ©)

To limit the motor current and velocity (for overdrive pro-
tection or quick reversal), a dynamic bound was subsequently
imposed on the current command

max i 0)) < iy < min(i i

(iq min’ gmax’ “gf max(e))'

qé min
(10)
Here, the current command i; was confined to the static
range  [i% o090 max] and the  velocity-dependent range
.k n 3 A
[Zqé min(9)7lqé max(e)]' i .
Using the measured velocity 6, the dynamic range for Z; é(H)

was calculated to prevent acceleration beyond the velocity limits
over n future control periods of duration 7'. In other words, the
measured velocity and the velocity limits érnax and élnin were
convel_'ted to an approximate acceleration bound émax(é) and

émin (#). The motor torque was then constrained in the following
manner:

Jemin S Tm _TL _TF S Jémax

i.e.,

Jamin+TL+TFSTmSJémax'i'TL'i'TF- (11)

Here, the friction torque 7’7 may be neglected conservatively
since it opposes motion and always acts to decelerate the system
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and reduce the velocity. Hence, the following inequality is suf-
ficient:

Jemin'i'TL STm S Jémax‘}'TL

or in approximate terms of the velocity limits

J(Omin — 6)
—+ FUN <
T .+ 1 =
ok J(gmax - 6)
ZqéKt S T +FC1N. (12)

Here, T is the sample period of the controller and n may be set
as a small number of intervals, say two, over which acceleration
is restricted to avoid velocity overshoot.

Hence, the limits in (10) are given by

o . _ J(Hmin — 9) FuN

Lqb min(07 Fcl) B KinT K,

N - ~ J(Bmax —0) | FaN

Lqé max(€7FC1> - KtTLT + Kt N (13)

_ The measurements of the clamp force F¢| and motor velocity
6 are available online.
To maintain consistency between the constraints, the dynamic
current limits are restricted by
%

Zqé min(g) < L'I max and Lqé max

@) > it

¢ min-*

(14)

The unconstrained optimization problem (9) has a known an-
alytic solution, and its derivation may be found in texts such as
[26, pp. 74-81]. The result is that the optimal input changes are
given by

Aif = —(T"QT + R)7'TTQ(¥ — v*) (15)
where the matrices I' and U are determined by a state-space
model and the prediction horizons.

The prediction model of (7) was again used. When (7) is
written in the discrete form, then

Tpy1 = Az + Buy,

yr = Czyp, (16)
and the quadratic cost function (9) is denoted as
J = (v—-v)"Q(v—v") + Ai}" RAi} (17)

with the projected output v, target trajectory v*, input changes
Ai;, and penalty weights () and R given by

Vk+1 C 0 Th+1
v = : = :
Ukt Hp 0 Cl | zrymy
Tr4+1
=0 :
Tk+Hp
Ukg1
vt =

*
Vk+H,

I Ai;k
Aiq = :
_Ai;k-i-Hu—l
Q1 0 0
Q=1|¢o - 0
L O 0 Qum,
TRy O 0
R=1y9 0
L0 0 Ry,
(18)
then the matrices I' and ¥ are
r A B
v =0 T+ Q : Up—1
L AT 2&071 A'B
r B 0 §
AB+ B 0
r=0|Xi AB .- B (19)
Yl AB A+B
[ S ATB Sty T A'B

In experimentation, the prediction horizon of the unconstrained
MPC was set to H,, = 38, and the number of control moves was
H,, = 3. With the discrete control period at 0.004 s, this gave a
prediction horizon of 0.152 s and was sufficient to project a full
brake apply.

Solving the unconstrained optimization (9) with a post con-
straint on the input (10) is different to, and less desirable than,
solving the constrained optimization problem (6). However, this
simplification was necessary for practical implementation given
the computational limits of the embedded controller. One lim-
itation of the unconstrained MPC is that, when the control tra-
jectory is recomputed at each time-step, the forecast action may
be liable to exceed the actuator limits. The problem can mani-
fest during deceleration and overshoot may occur if the uncon-
strained MPC overanticipates its access to decelerating torque.
To help avoid this scenario, the weight R was increased to im-
pose a greater penalty on the change in input. Consequently,
the unconstrained MPC drives the actuator more conservatively
than the constrained MPC, as shown in the simulation results of
Fig. 15. This behavior is also apparent in the experimental re-
sults of Figs. 16 and 17, where the unconstrained MPC executes
a conservative deceleration that mostly avoids the current satu-
ration.

To test its performance, the unconstrained MPC with
post-constraint was implemented on the embedded controller
of the prototype EMB. Trials were run, and the experimental
results are presented in Figs. 16—18. For the large brake apply
in Fig. 16, there is little improvement with the unconstrained
MPC control because the response is mainly limited by actuator
constraints. The current is limited up to ¢ = 0.04 s, whereas



LINE et al.: ELECTROMECHANICAL BRAKE MODELING AND CONTROL: FROM PI TO MPC 455

23

22 , 'A\; i A /A\

21

20

L\ /]
AN /
Lo S
AN i/

v\ /
\ \ p
N L
5

LN
Constraified

C\ 72

AN Y
14 S J
18 BN \_/'/

Command Unconstrained

1 1
0.25 0.3 0.35 0.4 0.45 0.5 0.55

Fig. 15. 5-kN modulation about a 20-kN load at 8 Hz for the constrained and
unconstrained MPC. The latter is subject to a more conservative penalty on Au
to help avoid excessive torque demand.
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Fig. 16. Large magnitude brake maneuver comparing the measured responses
with the fixed-gain PI control, the modified control architecture, and the uncon-
strained MPC.

after the velocity is limited to approximately ¢ = 0.06 s.
Only a slight improvement is managed with the unconstrained
MPC control by maintaining the maximum velocity for longer
and decelerating harder. A more significant improvement is
observed for the small magnitude maneuver shown in Fig. 17.
Here, a significantly reduced rise time is achieved with the un-
constrained MPC (0.019 s) when compared with the modified
control (0.035 s), and the baseline cascaded PI control (0.066
s). The improvement is achieved through a better utilization of
the available motor torque.

Fig. 18 presents experimental results for a fine 2% modula-
tion about 25 kN at 8 Hz. In this case, the baseline cascaded
PI control almost suffers complete frictional lockup due to poor
handling of the static friction. The modified control architecture
of Fig. 13 offers a significantly improved response due to the
management of actuator nonlinearity with inverse gain sched-
uling and friction compensation. The action of the friction com-
pensation is particularly apparent in the current subplot as the
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Fig. 17. Small magnitude brake maneuver comparing the measured responses

with the fixed-gain PI control, the modified control architecture, and the uncon-
strained MPC.
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Fig. 18. A 2% sinusoidal modulation about 25 kN at 8 Hz comparing the mea-
sured performance of the fixed-gain PI control, the modified control architec-
ture, and that with MPC.

compensating torque is switched at each velocity reversal. A fur-
ther incremental improvement is then achieved when the uncon-
strained MPC is incorporated within the modified architecture.
In comparison to the 2% amplitude that was commanded, the
range executed by the unconstrained MPC was approximately
1.7%. This was up from the 1.2% range achieved with the mod-
ified control and near 0% with the baseline cascaded PI control.



456 IEEE TRANSACTIONS ON CONTROL SYSTEMS TECHNOLOGY, VOL. 16, NO. 3, MAY 2008

Lead is also obtained with the unconstrained MPC due to its
ability to look ahead. For this modulation, the phase lag was ap-
proximately 84° with the unconstrained MPC and 105° with the
modified control.

VI. CONCLUSION

In prior work and on some prototype vehicles, a fixed-gain,
cascaded PI control has been used to regulate the clamp force of
an EMB. However, as a result of the actuator nonlinearity, this
control was found to suffer compromised performance across
much of the operational envelope. Consequently, a modified
control architecture was proposed to manage the actuator non-
linearity with techniques of inverse gain scheduling, friction
compensation and feedback linearization. The modified con-
trol was tested on a prototype actuator and found to be partic-
ularly beneficial for improved fine control. The modified con-
trol also provided a structure for the implementation of a MPC.
This was found to offer a further improvement in performance
by its capacity to look ahead and better utilize the available
motor torque. The constrained MPC was demonstrated in simu-
lation. Then, for a practical implementation, the computational
demand on the embedded controller of the EMB was reduced by
relaxation to an unconstrained MPC with dynamic constraints
post-applied.
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