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Predictive Control of Motor Drives
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Abstract—To address the ever growing complexity of
electric vehicles, several control functions can be integrated
over a single shared intravehicle network, e.g., controller
area network (CAN). However, sharing communication re-
sources may lead to communication delays that affect con-
trol performance. Well-known communication standards al-
low to introduce different quality-of-service guarantees on
a message-by-message basis. This study focuses on pre-
dictive control of motor drives; the model predictive control
(MPC) approach is extended to jointly decide the value of
each control command and its transmission priority on the
CAN bus. A mixed integer quadratic problem is derived in
which the transmission strategies are modeled by a two-
class priority scheme and the corresponding values of de-
lay variation are transformed into loss probabilities by in-
troducing receiver buffers. System-level simulations show
that the proposed approach uses high priority when the
system behavior is farther from the desired one or bus is
congested and the tracking error is reduced with respect to
the traditional MPC and unprioritized transmission.

Index Terms—Automotive, Bernoulli distribution, con-
troller area network (CAN), differentiated services, in-
vehicle network, intravehicle network, jitter, message drop
probability, message loss, model predictive control (MPC),
playout buffer, quality-of-service (QoS), transmission delay,
transmission priority.

I. INTRODUCTION

E LECTRIC vehicles (EVs) are at the center of a highly
connective industry that focuses on serving mobility needs

under the aspect of sustainability with a vehicle using a portable
energy source and an electric drive that can vary in the degree
of electrification [1].

The evolution of EVs meets the one of traditional vehicles
in which more and more control activities are integrated and
coordinated by using intra-vehicle networks. A huge literature
focuses on the performance evaluation and optimized design
of intravehicle control networks [2]–[4]. Intravehicle network
is crucial when it is used to close a control loop. For instance,
this paper addresses the scenario depicted in Fig. 1 in which the
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Fig. 1. EV with distributed motor drive controller.

motor drive of an EV is controlled through an intravehicle net-
work. The electric control unit compares the desired reference
speed with its actual value measured on the wheels and sets the
required torque to minimize the error.

The main issue in assuring controllability in this kind of sys-
tem is related to the presence of a shared packet-based network
that may introduce time-varying communication delay. The re-
search was mainly focused on the controller design by adapting
the linear quadratic (LQ) approach and the model predictive
control (MPC) [5], [6]. The crucial point is about the analyti-
cal model of the communication issues. In [7] and [8], packet
dropout has been modeled as a Bernoulli random process. In [9],
a method for determining a worst-case upper bound on the con-
troller area network (CAN) delays is presented, which enables
the usage of a polytopic approximation technique to obtain a
discrete-time model of the closed-loop CAN system.

We address the control problem on a shared network by con-
sidering a smart communication architecture where different
transmission strategies are provided by the adopted protocol.
This approach recalls techniques to introduce quality-of-service
(QoS) guarantees in IP networks such as the differentiated ser-
vices (DiffServ) architecture (see [10]) according to which pack-
ets are marked depending on their importance and sent through
the network by using either a high-priority low-loss class, or
a regular, unguaranteed class. DiffServ architecture has been
proposed initially for multimedia communications (see [11])
and recently extended to networked control systems (e.g., [12]).
Such architecture can be easily mapped onto CAN networks
where message ID can be used as priority mark. In [13], the
proposed torque-vectoring control has been validated through
a simulation model that includes CAN-based communication
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delays. Such delays are not considered by the formulation of
the control strategy. In [14], Shuai et al. proposed an H∞-based
delay-tolerant LQ regulator control method. The problem is de-
scribed in the form of an augmented discrete-time model with
uncertain elements determined by the delays. However, mes-
sage priority is not assigned by the control strategy. In [15],
Shuai et al., presented a dynamic message priority scheduling
procedure, which evaluates each message’s importance and dy-
namically assigns CAN IDs to them based on the vehicle states
and control inputs in real time. Command values and priorities
are assigned in two separate steps, thus, reducing optimization.

The contributions of this paper are as follows:
1) a new control architecture that explicitly takes into ac-

count the importance of the message content and the
status of the communication channel in order to assign
high/low priority;

2) a stochastic MPC controller where signals (states and
commands) and binary conditions (high/low priority) are
considered within the same performance index and jointly
optimized;

3) the same channel bandwidth is used in an optimal way.
The starting point of this study is [16] that we improved in the

following aspects strictly related with the vehicular scenario:
1) a generalized control architecture that separates the speed

control subsystem and the power control subsystem (hi-
erarchical control);

2) simulation results with a model of the permanent-magnet
synchronous machine (PMSM);

3) a more complex control task (i.e., tracking instead of
regulation to zero);

4) the use of the standard priority mechanism provided by
CAN; the corresponding delay variation is transformed
into a constant and known delay by using a buffering
technique, which introduces some loss probability that
simplifies the design of a stochastic MPC where packet
loss probability is modeled as Bernoulli process.

This paper is organized as follows. Section II introduces the
concepts involved in this study and the corresponding literature.
In Section III, the MPC problem is stated with reference to QoS-
based transmission. The solution of the problem based on the
mixed-integer quadratic programming (MIQP) is described in
Section IV. Simulation results are reported in Section V. Finally,
conclusions are drawn in Section VI.

II. BACKGROUND AND STATE OF THE ART

A. Intravehicle Networks

Automotive systems are rapidly advancing in complexity and
diversity [17]. A multitude of sensors and processors are used
in different parts of the vehicle for various functions, e.g., an-
tilock braking system, camera, and distance sensors to support
drivers. This fact leads to the development of intravehicle net-
work standards for the efficient interconnection of the various
systems [17]. Among them, CAN [18] is adopted in the follow-
ing discussion because of its widespread use for the most critical
control tasks in vehicles.

Fig. 2. Transmission architecture with antijitter buffer at the receiver
side and the corresponding effect on end-to-end delay.

CAN is a shared bus. When the line is free and two or more
nodes want to transmit, a bit-wise arbitration scheme is used
following a wired-AND behavior with dominant (0) and reces-
sive (1) bit symbols. The transmission starts with the message
identifier from the most significant to the least significant bit.
The node transmitting the message with the highest identifier
has to send a recessive 1 bit that is overwritten by a dominant
0 bit. Therefore, it notices the collision and stops sending. There-
fore, the message identifiers create an implicit hierarchy of pri-
orities. The nodes losing the contention will retry again when
the line returns free, thus, increasing their transmission delay.

This kind of medium access control does not provide deter-
ministic guarantees on transmission delay and a huge literature
has been devoted to evaluate the worst-case delay and its sta-
tistical distribution [19]. All agree on the fact that the smaller
is the priority, the larger is delay variation. This variability is a
well-known challenge for networked control of motor drives in
EVs [9], [13]–[15].

B. Antijitter Buffer

A possible way to eliminate delay variation consists in imple-
menting an antijitter buffer, i.e., a first-in-first-out queue, which
stores received messages and extracts them with a constant pe-
riodicity. In this way, transmission delay variations are compen-
sated at the cost of an increased (but constant and known) delay.
Such approach is quite common in multimedia and also within
the control community, e.g., [20].

Fig. 2 shows the classic transmission architecture with anti-
jitter buffer at the plant side. Let Ts be the sample time of the
system. Each command is sent on the network in a different
data packet at t = kTs , k ∈ N. Let us and ur be the commands
sent/received to/from the network, respectively. Let dC2P be the
delay in the controller-to-plant path. The following equation
holds:

ur (t) = us(t − dC2P).

As in multimedia, to reduce the probability of under-
flow/overflow, buffers are partially filled at the beginning (pre-
buffering), and then, packets are extracted at 1/Ts rate. The
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Fig. 3. Relationship between delay distribution, buffer size, and loss
probability as a function of CAN message priority (low L or high H ).

Fig. 4. Block diagram of the speed control architecture.

presence of the buffer makes the total delay constant but larger
than the actual network delay because of the presence of the
prebuffering time. Let uB be the commands extracted from the
buffer (of size B). The following equation holds:

uB (t) = us(t − avg(dC2P) − tPRE) (1)

where avg(dC2P) is the average value of the controller-to-plant
delay, while tPRE is the prebuffering time usually equal to B

2 Ts .
The same reasoning also holds for the plant-to-controller path,
thus, leading to a constant overall loop delay that simplifies the
design of the controller.

A message is dropped if either its delay exceeds the current
buffer level (buffer underflow) or it finds the buffer full (buffer
overflow). Therefore, loss probability depends on both buffer
size and standard deviation of delay distribution as depicted in
Fig. 3 for two different CAN priorities and buffer size B (leading
to prebuffering time B

2 Ts). Buffer size B should be carefully
chosen as a tradeoff between maximum tolerated constant delay
and loss probability.

C. Electric Motor in EVs

In EVs, different kinds of electric motor can be used, e.g., the
dc brushless PMM drive, the PMSM motor drive (e.g., Toyota,
Lexus), the induction motor drive (e.g., Tesla), and the switched
reluctance drive.

The system in Fig. 1 is equivalent to the block diagram
in Fig. 4 where the power subsystem consists of the PMSM mo-
tor, the PWM, the inverter, and the vector control drive, whereas

the control subsystem contains the speed controller C(z). The
speed control subsystem receives the speed error ω̃ and sends
to the other side of the network the reference torque τ ref . The
constant k1 maps the desired linear speed of the car vref into
the desired angular velocity of the motor ωref (taking also into
account the gears). The constant k2 maps the reference torque
into the reference current Iq,ref for the vector control drive.

The equation of motion of a basic vehicle model mapping
forces into the vehicle velocity v takes the form

Mcar v̇ = Ftrac,wheel − Faero − Fr − Fgrav

where Mcar is the unknown time-varying mass of the vehicle,
Ftrac,wheel is the force due to the electric motor torque, Faero
is the aerodynamic drag force, Fr is the rolling resistance, and
Fgrav is the force due to the gravity [21]. The motor’s electrical
subsystem cannot disentangle the mechanical effects due to its
rotor and to the car. The equivalent equation of motion seen by
the electric motor side is

Jω̇ + Bω = τ ref

where ω is the angular velocity, J is the sum of the rotor inertia
and the car mass as seen by the electric motor, B is the rotor
damping coefficient and the car frictions as seen by the electric
motor, and τ ref is the torque applied by the motor. Unfortunately
it is not possible to have reliable values for J and B because
they depend on many unknown and time-varying variables. It
is also rather risky to estimate all these parameters at run time.
The solution is to use conservative coefficients Jm and Bm for
J and B, and to model uncertainty and disturbances through the
exogenous input τd in (2).

With this approach, the mechanical subsystem seen by the
PMSM is described by

Jm ω̇ + Bm ω = τ ref − τd . (2)

It is worth highlighting the following points.
1) An MPC controller based on a simple model is suitable to

be executed in real time in today’s embedded platforms.
2) The MPC can consider a time-varying model. This means

that if robust and reliable estimators can be used for the
unknown coefficients, it is well possible to update Jm

and Bm at run time.
Since the dynamics of the mechanical subsystem dominates

the dynamics of the electrical subsystem, in the following, the
design of the controller C(z) will be based on the discrete-time
state-space representation of the system in (2)1

P (z) :

{
xk+1 = Axk + Buk

yk = xk

(3)

where xk = ωk and uk = τ ref
k . At each sample time kTs , the

controller has to provide the torque commands uk to the cur-
rent/torque controller of the motor and receives measurements
yk from the sensors. These signals are exchanged through the
intravehicle network as shown in Figs. 1 and 4.

1Without τ d
k that is unknown.
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In Section V, we will show that the controller C(z) based on
P (z) works well even though the plant model is an approxima-
tion of the real power subsystem.

Remark 1: It is worth highlighting that the approximation of
the system with a first-order mechanical system shows that the
proposed control approach is independent of the motor type. It
is always possible to model the vehicle, the electric motor and
its inner controller as (2).

D. Review of MPC

For the linear plant (3) without taking into account the net-
work, the quadratic cost function JMPC(·) is defined as

JMPC(k) =
Np∑
i=0

‖x̂k+i|k‖2
Qi

+
Nc∑
i=0

‖ûk+i|k‖2
Ri

(4)

where Qi > 0, Ri > 0 are weighting matrices, Np is the predic-
tion horizon, Nc is the control horizon, and x̂k+i|k and ûk+i|k
are the i-ahead predictors of the state and of the command, re-
spectively. It is common to assume Nc ≤ Np and ûk+i|k = 0
for i ≥ Nc ). The MPC control uk at time k is computed based
on the following algorithm ([22]):

1) get the new state measurement xk ;
2) solve the constrained optimization problem

{û�(k + ·|k)} = arg min
{û(k+ ·|k)}

JMPC(k)

subject to: mu ≤ ûk+ ·|k ≤ Mu

mx ≤ x̂k+ ·|k ≤ Mx

where {mu,Mu} and {mx,Mx} are upper and lower
bounds for the input and the state, respectively;

3) set uk = û�
k+0|k .

By rewriting the evolution of the system over the optimization
horizon Np as

X̂(k) = Axk + BÛ(k)

where X̂(k) and Û(k) are column vectors collecting x̂k+i|k , i =
0, . . . , Np and ûk+i|k , i = 0, . . . , Nc , respectively,

X̂(k) := colvec
{

x̂k+i|k
∣∣Np

i=0

}
Û(k) := colvec

{
ûk+i|k

∣∣Nc

i=0

}
and A, B are appropriate block matrices, the cost function be-
comes

JMPC(k) = ÛT (k)
[
BT QB + R

]
︸ ︷︷ ︸

H

Û(k)

+ 2xT
k AT QB︸ ︷︷ ︸

Gk

Û(k) + xT
k AT QAxk︸ ︷︷ ︸

Kk

(5)

where Q = diag{Qi}Np

i=0 , R = diag{Ri}Nc
i=0 and the last term

K is independent of Û(k). The constraints on the command and
on the state can be easily written as

U ≤ Û(k) ≤ Ū , X −Axk ≤ BÛ(k) ≤ X̄ −Axk (6)

where U , Ū , X , and X̄ are matrices containing the upper and
lower values. The optimal control Û �(k) on the horizon [0, Nc ]
is computed by solving the constrained quadratic programming
problem

Û �(k) = arg min
Û (k)

ÛT (k)HÛ(k) + Gk Û(k)

s. to (6).

The optimal control û�
k at time k is the first component in Û �(k),

i.e., û�
k |k .

This study is based on the following stability assumption that
is satisfied in the present scenario:

Assumption 2: The matrix A is asymptotically stable.
Under this assumption, it is possible to show that by setting

Q1 = · · · = QNp
≥ 0 and QNp

equal to the solution of the Lya-
punov equation AT PA − A = Q, the closed loop system with
the aforementioned MPC controller is asymptotically stable (for
details, see [23]–[26]). Other approaches to guarantee stability
when A is not stable can be found in [22] and [27].

Moreover, it is assumed without loss of generality that
Assumption 3: The matrix B has full column rank.
The prediction of state and command values is the basis of

the design of the optimal MPC controller; it could be improved
by knowing the reliability level of the network upon which com-
mands and measurements are sent. This original contribution of
the study will be described in Section III.

Remark 4: The aforementioned formulation refers to the reg-
ulation problem (i.e., steering the state to zero) and not to the
tracking problem (i.e., steering the tracking error to zero). The
second case, more interesting in our scenario, has the following
performance index

JMPC(k) =
Np∑
i=0

‖x̂k+i|k − xref
k+i‖2

Qi
+

Nc∑
i=0

‖ûk+i|k‖2
Ri

(7)

where xref
k+i is the reference state over the horizon Np . It is easy

to see that this problem can be cast in the regulation problem
by using x̃k = xk − xref

k in (5) instead of xk if xref
k+i = xref

k

∀i ∈ [0, Np ], [22].

E. Differentiated Services on the Network

With reference to Fig. 4, when the network is congested,
commands τ ref

k and measurements ωk may be affected by trans-
mission delay, which compromises stability and performance.
The differentiated services network architecture can be used to
control such congestion-induced delays without the need to in-
crease the network bandwidth. It consists in assigning a different
forwarding priority to each packet. Without loss of generality,
this study deals with two transmission priorities, i.e., H and
L. Medium access control (e.g., in CAN) and intermediate net-
work systems (e.g., IEEE 802.1 AVB/Ethernet switches) favor
the forwarding of H packets that, therefore, experience lower
delay than L packets. The control of the fraction of H packets
on the overall traffic amount is crucial for the success of the
mechanism; clearly, if all packets are sent with high priority, the
undifferentiated case is reestablished.



5606 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 63, NO. 9, SEPTEMBER 2016

Fig. 5. Proposed architecture for the distributed control of motor drive
with Differentiated Services communication approach.

The exploitation of transmission priority to improve control
performance was used in past literature. In [28], CAN priorities
are preassigned to classes of control flows according to their
importance and, within each class, earliest-deadline criterion is
used to further differentiate priority assignment. This approach
does not use the content of each specific message to decide its
priority. In [15], CAN priority is assigned to each control com-
mand according to its relative importance among five concurrent
flows devoted to the control of four independent wheel drives;
nevertheless, control command and priority are decided in two
independent steps.

In the proposed work, each message (i.e., commands or mea-
surements) is marked and transmitted as either high- or low-
priority packet. From the control perspective, packets sent with
the H policy lead to better control performance than packets
sent with the L policy, provided that the H fraction is kept
low. Therefore, the optimal marking strategy can be formalized
by assigning a cost to each priority and minimizing the total
cost under performance constraints. Clearly, to maximize per-
formance, the most important packets should be sent with the
H policy. In this study, the MPC approach is extended to jointly
decide the value of each control command and its transmission
priority by considering its importance, the effect of priority as-
signment on its delivery and the instantaneous condition of the
network (which implicitly depends on other concurrent flows).

III. PROBLEM STATEMENT

Fig. 5 shows the proposed architecture for the distributed
control of motor drive with differentiated services communi-
cation approach. Two priority classes are used, i.e., H and L
for both controller-to-plant and plant-to-controller paths. At the
controller side, the command value and its priority are chosen
by using an optimization process, which minimizes tracking
error and the use of high-priority bandwidth. The priority is
used to set the CAN ID of the corresponding message (labels A

Fig. 6. Abstract block diagram of the proposed distributed control of
motor drive with differentiated services network.

and D in Fig. 5). CAN messages with higher priority have more
opportunities to access the bandwidth resources, which would
cause less transmission delay (labels B and E). Delay variation
is eliminated by using antijitter buffers (see Section II-B). With
respect to [5], there are two different buffers for H and L traffic,
respectively; they have the same size (BC2P and BP2C, according
to the path) but different prebuffering time so that the end-to-
end constant delay will be the same for both priority classes
according to (1). This property simplifies the reconstruction of
the original message sequence by the receiver (labels C and F).

Delay variation is higher for low-priority messages than for
high-priority messages [19]. Fig. 3 shows a possible delay dis-
tribution as a function of message priority. By considering the
hatched areas in Fig. 3, it is clear that buffering leads to a packet
loss probability, which is higher for low-priority messages than
for high-priority messages. The knowledge of the original de-
lay distribution and of the buffer size allows to evaluate the
packet loss probability to be analytically modeled in the MPC
framework. Therefore, the block diagram in Fig. 5 can be con-
ceptually replaced by the analytical model in Fig. 6 since the
shaded areas of both diagrams are functionally equivalent. The
data paths from the controller to plant and vice versa can be de-
composed into two “virtual wires” representing the forwarding
policies, i.e., H and L, characterized by different loss probabil-
ities. The effect of packet loss on the transmitted data can be
modeled by multiplying it with a binary random variable. Let
σH

k , σL
k , μH

k , and μL
k be independent and identically distributed

Bernoulli variables. For instance, σH
k and σL

k (μH
k and μL

k ) take
value 1 with probability values σ̄H > σ̄L (μ̄H > μ̄L ), respec-
tively, because the H policy is more reliable than L policy. The
original model (3) becomes{

xk+1 = Axk + σ
πf

k Buk

yk = μπb

k xk

(8)

where πf , πb ∈ {H,L}, i.e., σ
πf

k ∈ {σH
k , σL

k } and μπb

k ∈
{μH

k , μL
k }. Let δk and �k be the binary variables represent-

ing the priority assignment for commands and measurements,
respectively. For instance, δk = 1 and �k = 1 mean high prior-
ity, whereas δk = 0 and �k = 0 mean low priority.
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To simplify the analysis and reduce computational effort,
we assume that the controller has to choose the transmission
policy also for the plant-to-controller path, which thus behaves
in a specular manner, i.e., �k = δk . In this way, we can ignore
{μH

k , μL
k } and focus only on {σH

k , σL
k }.

The state equation of the model (8) can be rewritten as

xk+1 = Axk +
[
(1 − δk )σL

k + δkσH
k

]
Buk (9)

where the marking strategy (represented by the binary variable
δk ), the channel behavior (represented by the random variables
σL

k and σH
k ) and the control command (represented by the value

uk ) are explicitly indicated. In fact, with δk = 1, the channel
behavior is described by the Bernoulli variable σH

k , otherwise
σL

k is considered.
The performance index JMPC(k) defined in (4) has now to

be modified for the following two reasons:
1) the performance index has to penalize the use of the high

priority, otherwise the control architecture will always se-
lect the H priority, thus, wasting network resources and
becoming unfair with respect to other control applica-
tions. The new index is

JMPC−QoS(k) = JMPC(k) +
Nc∑
i=0

[
‖δk+i‖2

Wi

]
where the weights Wi are positive;

2) the plant (9) is now a stochastic system due to the random-
ness introduced by the Bernoulli processes. This means
that the performance index needs the expectation oper-
ator. However, since the state is known at time k, the
conditional expectation given the state xk is used as fol-
lows:

	MPC−QoS(k) := E [JMPC−QoS(k)|xk ] . (10)

Let MPC-QoS be the name of the following problem:
Problem 5: (MPC Problem Over Lossy Networks) Given the

system (9), find the optimal control u�
k and the optimal trans-

mission strategy δ�
k for the corresponding packet by solving the

stochastic MPC-QoS problem⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

{u�
k , δ�

k} = arg minE[JMPC−QoS(k)|xk ]

subject to mu ≤ ûk+i|k ≤ Mu

mx ≤ x̂k+i|k ≤ Mx

δk ∈ {0, 1}
σL

k , σH
k i.i.d. Bernoulli.

In the following section, the conditional expectation will be
computed in order to rewrite the aforementioned problem in a
solvable MIQP problem.

Remark 6: In general, delay distribution of a given mes-
sage depends not only on its priority but also on the effects
of other traffic sources; therefore, the corresponding packet loss
probability in the MPC-QoS approach also takes into account
the instantaneous network condition to further optimize the
use of high-priority bandwidth; for instance, even a very im-
portant command is sent in a low-priority packet if currently
the network is not congested. Furthermore, the proposed MPC

minimizes the use of high-priority bandwidth, thus, contributing
to keep its overall utilization low. Finally, the Bernoulli model
assumes statistically independent loss events, which is not the
case if they are generated by buffer overflow/underflow. Nev-
ertheless, well-known advanced queue management techniques
can reduce this statistical dependence [29].

IV. SOLUTION OF MPC-QOS

This section presents a solution of the stochastic MPC-QoS
problem defined previously by rewriting the minimization prob-
lem as an LQ programming problem. To reach this goal, the first
step is to recognize that the system (9) belongs to the family of
mixed logical dynamical (MLD) systems introduced in [30] as⎧⎪⎨

⎪⎩
xk+1 = Axk + Buuk + Bδδk + Baak

yk = Cxk + Duuk + Dδδk + Daak

E ≤ Exxk + Euuk + Eδδk + Eaak

where xk is the state, uk is the input, yk is the output, δk is a
logical variable (0-1 variable), and ak is an auxiliary variable.
The auxiliary variables usually take care of the products between
decision variables and states or inputs.

By defining the auxiliary variable as ak = δkuk , the state
equation takes the form

xk+1 = Axk +
[
(1 − δk )σL

k + δkσH
k

]
Buk

= Axk + σL
k Buk +

[
−σL

k + σH
k

]
Bak .

The decision variable “disappears” and an auxiliary variable
shows up [16]. The two equations are equivalent if and only if
the following inequalities hold:

ak ≤ Muδk (11)

ak ≥ muδk (12)

ak ≤ uk − mu (1 − δk ) (13)

ak ≥ uk − Mu (1 − δk ) (14)

where Mu = max{u(·)} and mu = min{u(·)} are vectors
defining the range of the commands [30]. With respect to the
original MLD model, the present state equation is inherently
stochastic: there are products of stochastic variables with input
and auxiliary variables.

The second step has to bring the constrained minimization
minE[JMPC−QoS(k)|xk ] into an LQ programming problem.
The explicit computation of the conditional expectations leads
to a particular mixed integer LQ problem, where the integer
variables are now of the 0–1 type.

Using for X̂(k), the same matrix notation as before, and
the following ones for the terms ûk+i|kσL

k+i , âk+i|k (−σL
k+i +

σH
k+i), and δk+i|k

Ûσ (k) := colvec
{

ûk+i|kσL
k+i

∣∣Nc

i=0

}
Δ(k) := colvec

{
δk+i|k

∣∣Nc

i=0

}
Âσ (k) := colvec

{
âk+i|k (−σL

k+i + σH
k+i)

∣∣Nc

i=0

}
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the matrix notation of the state equation is

X̂(k) = Axk + BÛσ (k) + BÂσ (k) (15)

whereas the index JMPC−QoS becomes

JMPC−QoS = X̂(k)T QX̂(k) + ÛT (k)QÛ(k) +

+ ΔT (k)WΔ(k) (16)

with W = diag{Wi}Nc
i=0 . Since the index weights the binary

variables through the matrix W , there is no need to also weight
the auxiliary vector Âσ (k). The constraints for the problem
are (6) and Δ(k) ∈ {0, 1}Nc . Moreover, since the inequalities
(11)–(14) have to hold ∀k, they can be put in matrix form as

Eu Û(k) + Ea Â(k) + EδΔ(k) ≤ E (17)

where Â(k) is equal to Âσ (k) without the contribution of
the Bernoulli random variable, and for opportune matrices
Eu , Ea , Eδ , and E .

Since all the terms x̂k+i|k , ûk+i|k , âk+i|k in E[JMPC−QoS
|xk ] are measurable, w.r.t., xk by construction and by using
well-known results about the Bernoulli random variable and the
conditional expectation, [31], to minimize the stochastic index
is equivalent to solve the deterministic optimization problem

min
V (k)

V T (k)HV (k) + PkV (k) + Kk

where the unknown vector is V (k) :=
[
Û(k) Â(k) Δ(k)

]T
.

The matrices H, Pk , and Kk are function of A,B,Q,R and
σ̄L , σ̄H . The current state xk is inPk , whereasKk collects all the
contributions independent of V (k). The analytical expressions
of these matrices can be found in [16].

Since the constraints (6) and (17) can be written as CV (k) ≤
D, the MIQP related to the MPC-QoS problem is

V �(k) = arg min
V (k)

V T (k)HV (k) + PkV (k)

s. to CV (k) ≤ D
Δ(k) ∈ {0, 1}Nu . (18)

By collecting these results, we proved the following.
Theorem 7: The stochastic MPC-QoS Problem 5 is equiva-

lent to the deterministic MIQP problem in (18).
In [30], this kind of controller is called mixed integer predic-

tive controller. The matrix H is positive definite because R and
Q are positive definite and thanks to the following result.

Proposition 8: Let σ̄L and σ̄H be real numbers such that
0 < σ̄L < σ̄H < 1. If the weighting matrix Q is positive definite
and the Assumption 3 holds, then the matricesMσuu andMσdd

are positive definite.
Proof: We refer the reader to [16] for the demonstration

based on the Rayleigh–Rits theorem [32]. �
When the optimal solution V �(k) = [Û �(k) Â�(k)

Δ�(k)]T of the problem (18) is available, the optimal control
and the optimal transmission strategy at time k are

u�(k) =
[
I 0 · · · 0

]
Û �(k)

δ�(k) =
[
1 0 · · · 0

]
Δ�(k).

V. SIMULATION RESULTS

The proposed control architecture has been validated in
MATLAB/Simulink by simulating the block diagram in Fig. 6
with the control architecture of Fig. 4. The electromechani-
cal parameters of the PMSM are: static phase resistance R =
0.13 Ω, armature inductance L = 0.67 mH, torque constant
kτ = 0.4135 Nm/A, voltage constant kV = 0.477 V/(rad/s) =
50 V/kRPM, number of pair couples 2p = 3, moment of
inertia Jrotor = 0.000175 kg·m2 , damping Brotor = 1.66 ×
10−6 Nm/(rad/s); whereas the mechanical parameters of mo-
tor and vehicle [i.e., the constants in (2)] are Jm = 0.13 kg·m2

and Bm = 0.013 Nm/(rad/s). We set also the torque limit uk ∈
[−11.68, 11.68], which corresponds to Iq,ref

k ∈ [−30, 30] A.
The constants in Fig. 4 are k1 = 0.154(km/h)/(rad/s) (which

depends on the gear ratio, N = 7, and the wheel diameter, D =
0.6 m) and k2 = 1/kτ .

According to the block diagram in Fig. 4, to improve steady-
state performance (i.e., constant velocity), the integral of the
velocity has been added to the state variable in (3). In such a
way, the MPC-QoS controller C(z) behaves as a PI controller
in velocity where the gains are selected at run time according to
the minimization problem (11). The matrix

Q =

[
Qp 0

0 Qv

]

is chosen diagonal for simplicity, whereas R is set to one because
it is just a scale factor. The control and prediction horizons
have the same value, i.e., Nc = Np = 8; the output command is
constrained to belong to the interval [−11.68, 11.68] Nm. The
sample time is Ts = 0.01 s.

In all simulations, we use the same reference velocity signal
and disturbance (equivalent torque at the motor rotor) to fairly
compare the standard deviation of the tracking error

ω̃(k) = ωref (k) − ω(k). (19)

We will start by showing the behavior of the controlled motor
with the following parameters:

Qp = 0.1, Qv = 2

σ̄H = μ̄H = 0.9, σ̄L = μ̄L = 0.5

and varying W , which controls the use of high-priority packets
in the optimization process.

1) In Fig. 7, W is so high that no packets are sent using
the H priority. This case is the lower bound in terms
of performance and corresponds to the stochastic MPC
without DiffServ.

2) In Figs. 8 and 9, W = 50 and W = 100, respectively.
When W decreases, the number of packets sent with H
priority increases thus improving control performance,
i.e., the standard deviation of ω̃(·) decreases.

It is worth highlighting that in all cases the same MPC-QoS
controller is adopted. Moreover, the policy selected at the con-
troller side δ� is used also for sending the measurement at the
motor side; taking into account the communication delay and
the packet lost probability, we set ��(k) = δ�(k − tC 2P ) when
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Fig. 7. Qp = 0.1, Qv = 2, R = 1, W = 100 000, σH = 0.9, σL = 0.5,
%H = 0, %L = 100, std. tracking error=0.8327, total pck loss tate [%] =
50.

Fig. 8. Qp = 0.1, Qv = 2, R = 1, W = 50, σH = 0.9, σL = 0.5,
%H = 60.42, %L = 39.58, std. tracking error = 0.3920, total pck loss
rate [%] = 25.83.

the packet containing δ� arrives or ��(k) = ��(k − 1) if the
packet gets lost.

The first plot in each figure shows the reference and actual
car speed. The second plot shows the disturbance. The third
plot shows the sent and received commands: the command, if
received, is delayed by tC2P, otherwise the current controller of
the PMSM holds the last command (i.e., current Iq,ref

k according

Fig. 9. Qp = 0.1, Qv = 2, R = 1, W = 100, σH = 0.9, σL = 0.5,
%H = 35.74, %L = 64.26, std. tracking error = 0.4347, total pck loss
rate [%] = 35.70.

Fig. 10. Comparison of tracking error. P1: W = 200, %H = 9.84,
%L = 90.16; P2: W = 150, %H = 18.52, %L = 81.48; P3: W = 100,
%H = 35.74, %L = 64.26; P4: W = 50, %H = 60.42, %L = 39.58.

to the block diagram in Fig. 4). The fourth plot reports the use
of low and high priority classes.

Fig. 10 compares the standard deviation of tracking error as a
function of network packet loss rate with/without DiffServ (i.e.,
use of traffic priority in the MPC optimization). For each value
of total packet loss rate corresponding to the points P1,...,P4,
the DiffServ approach always reduces the tracking error with
respect to unprioritized transmission. It is worth noting that for
a given network load, the total packet loss rate is independent
of the use of DiffServ but DiffServ leads to sacrifice the least
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Fig. 11. Qp = 0.1, Qv = 2, R = 1, W = 50, σH = 0.9, σL = 0.7,
%H = 33.90, %L = 66.10, std. tracking error = 0.4746, total pck loss
rate [%] = 23.22.

important packets to preserve the most important ones thus max-
imizing control performance. This test also shows that DiffServ
can be combined to any other pure control strategy for a further
improvement.

Another simulation was performed to show what happens
when the reliability provided by the low-priority class is close
to the one of the high-priority class (i.e., σ̄L is close to σ̄H ).
Comparing Fig. 8 (σ̄L = 0.5) and Fig. 11 (with σ̄L = 0.7), we
observe that the percentage of H decreases, from 60.42% to
33.90% (∼50 percent) since the controller avoids to waste high-
priority packets if they are useless (the standard deviation of the
tracking error slightly increases from 0.3920 to 0.4746.). This
attitude is particularly valuable because of a kind of memory
effect of the network according to which if high-priority packets
are economized at a given time, then their reliability is further
increased in the following. Another advantage of this sensitivity
to the difference between σ̄L and σ̄H is related to the fact that
such parameters are not constant in actual scenarios but rather
they depend on the instantaneous network load. This suggests
a future extension of MPC-QoS in which such parameters are
promptly updated from network statistics to adapt the control
strategy to network condition.

VI. CONCLUSIONS

In this paper, a novel MPC for electric drives has been pro-
posed. The original contribution is the assignment of priority to
each packet based on its content, on the corresponding effect on
its delivery, and on the state of the channel. All these aspects
are jointly addressed by an extended MPC approach, which
minimizes the tracking error and the use of high-priority packets.
Therefore, not only the performance of a specific control loop

are maximized, as done by all previous literature, but also the
overall behavior of the control flows sharing the same network.
The complete statistical behavior of messages is considered
(i.e., delay distribution rather than just the worst-case response
time); by using a smart buffering technique, delay variation is
transformed into constant and known delay (easily addressable
in control design) with the introduction of a loss probability,
which is modeled in the proposed MPC framework. Simulation
results show that the communication channel is used in a smarter
way, i.e., priorities allow to sacrifice the least important packets
to preserve the most important ones thus maximizing control
performance.
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