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Abstract—This paper proposes a model predictive speed
control of a permanent magnet synchronous machine (PMSM).
The control scheme has a cascade architecture, where the inner
loop uses a finite set model predictive control scheme (FS-MPC)
for the electrical subsystem, and the outer loop uses a dead-beat
model predictive control for the mechanical subsystem. Due to
the discrete nature of the control platform an accurate discrete
model of the systems is necessary. In this work both systems,
electrical and mechanical, are discretizated with a second order
Taylor method. Simulation results are presented to validate the
proposed control strategy.

Index Terms—Model Predictive Control, variable speed drives,
dead-beat control.

I. INTRODUCTION

Permanent magnet synchronous machines (PMSM) are

widely employed for applications such as servo control [1],

[2], wind power [3], [4] and electric traction [5], [6], due

to their high power density and efficiency. The most popular

control methods for PMSM are the field oriented control [7]

and direct-torque control [8].

Model predictive control (MPC) has gained importance

thanks to the powerful breakthrough in microprocessors

technology. The basic principle of operation is the calculation

of the future behavior of the system in order to optimize

its performance. MPC has been implemented successfully in

multiple power electronics applications such as in neutral

point clamped converters (NPC) [9], cascade H-bridge

converters (CHB) [10], flying capacitors converters [11],

three-phase two-level inverter [12], multilevel converters [13],

matrix converters [14] and many others.

Model predictive control of electrical drives has been

proposed in [15]–[17]. However, these works used the MPC

only for the control of the internal electric subsystem, while

the speed is controlled by a PI controller, i.e. not making full

use of the dynamic performance of the inner MPC control.

On the other hand, there are works that have proposed

a complete model predictive control of the speed in a

permanent magnet synchronous machine [18]–[20] and also

for permanent magnet brushless dc machines [21]. These have

a centralized architecture, using finite set model predictive

control (FS-MPC). These included all the control objective

in a complex cost function, with many significant weighting

factors which are determined heuristically and which may

become difficult to tune [22].

This paper proposes a intermediate solution using a

cascaded speed predictive control for a PMSM based on

the dynamic model of the mechanical subsystem and using

FS-MPC for the control of the electrical subsystems. The

different time constant between the electrical and mechanical

subsystems, allows to downsample the outer speed loop.

Under this consideration, the fast FS-MPC internal loop

becomes almost ideal to the outer speed loop, allowing to

have an independent speed controller design using simple and

physically insightful predictive control approach. The inner

control has a simple cost function with only two objective

terms for the tracking of quadrature and direct stator currents,

and without weight factors. The outer speed loop controller

is implemented by means of inversion of the mechanical

subsystem model to determine the electric torque reference

that allows the tracking of the reference speed with dead-beat

performance, although at a subsampled rate. To achieve the

mechanical model inversion, knowledge of the load torque is

requires. For this reason, a disturbance observer implemented

in the form of a Kalman filter (KF) is used. Also, the

compensation of the estimated load torque allows to achieve

zero steady state error in the speed tracking even without

integration in the controller.

II. DRIVE MODEL

The cascaded predictive speed control strategy is

implemented for a PMSM fed by a two level voltage source

inverter (2L-VSI). This section presents a mathematical model

of the power converter and the electrical machine.

A. Power Converter

The 2L-VSI is the most common power converter in

medium and low power rate drive applications. The converter

generates the voltage to feed the stator of the machine,

as shown in Fig. 1(a). The 2L-VSI generates eight voltage

vectors, six active vectors and two zero vectors (Fig. 1(b)).

The voltage vector of the power converter in a stationary

αβ-frame is,

vsαβ
= Vdc ·

2 2π

3
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PMSM

Fig. 1. Two level voltage source inverter (2L-VSI). (a) Power circuit; (b)
Voltage vectors.

where Vdc is the dc-link voltage and S = [Sa Sb Sc]
T are the

switching state of the converter.

Then, the power converter voltage in a synchronous dq-

frame oriented with the rotor angle of the PMSM θr is,

−jθr .vs = vsαβ · e

B. Permanent Magnet Synchronous Machine

The model of the PMSM in a synchronous dq-frame

oriented with the rotor position angle θr is the following,

x

(2)

˙ = f(x,u), (3)

where,

f(·) = , (4)
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x = [isd isq ωr θr]
T ,

T
u = [vsd vsq]

The parameters of the machine are Rs stator resistor, Ls stator

inductance, ψm the magnitude of the flux generated by the

rotor magnet, p number of poles, Jm inertia and Bm the

friction of the machine. The values of these parameters are

shown in the Table I.

.

III. CONTROL STRATEGY

The block scheme of the control strategy for a PMSM

proposed in this work is shown in the Fig. 2. The control

scheme has a cascaded structure composed by an internal and

external control loop. In this section, both control loop are

described and analyzed independently.

A. Inner Control Loop

The inner control loop corresponds to the electrical system

control of the machine. Here, a Finite Set Model Predictive

Control (FS-MPC) is used to track the quadrature and direct

current references that are generated for the external loop.

Due to the discrete nature of the control platform and for

the fact that FS-MPC needs predictions of the control states

at the next sample, a discrete model of the machine is needed.

Using the continuous model of the PMSM, presented in (3)-

(4), and a second order Taylor discretization, the following

discrete model is obtained,

x = x
k + Ts · ˙

k+1 s
x +
∣ ∣

∣

k k

T 2

2

where Ts is sampling period of the inner control loop.

First order discretization methods introduce significant

modeling error at high frequencies [23]. Being Model

Predictive Control a strategy of high bandwidth, this errors

deteriorate the quality of the control. For this reason, a second

order Taylor approximation that reduce this error is used in

this work for the electrical as well as mechanical subsystem.

The FS-MPC has two objectives:

• To obtain maximum torque for ampere of the machine.

This objective is achieved with a zero direct current

references.

• A good tracking of the quadrature current of the machine.

The cost function that can achieve both objectives is the

following,

· ¨∣x (5)

g = i + i −
ˆ

( ) (

k̂+2 ∗ k+2

sd

The equation (6) is evaluated for the eight vectors of the power

converter. The voltage vector that minimizes the cost function

is selected and applied in the next sampling period.

B. Outer Control Loop

The outer loop corresponds to the control of the mechanical

subsystem of the machine. The objective is to achieve a good

tracking of the speed reference with a high dynamic response.

The predictive approach used is a dead-beat control. This

controller uses a mechanical equation to obtain a quadrature

stator current reference (proportional to the electrical torque).

The following mechanical equation is considered:

dωm

2 )2

sq sqi . (6)

Jm
dt

where ωm is the mechanical speed, Te is the electrical torque

of the PMSM and TL is the load torque. The electrical torque

of the machine is,

= Te − TL −Bmωm, (7)

Te =
3

2

Replacing the (8) in (7) and then solving for the speed

derivative:

pψm · isq. (8)

dωm Bm

dt 2Jm Jm Jm
=

3 1
pψm · isq − TL − ωm. (9)
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Fig. 2. Scheme of Predictive Speed Control of a PMSM.

The second order derivative of the speed is obtained by

derivation of equation (9),

3 dωm .d2ωm disq Bm

dt2 dt Jm dt
=

2Jm

The second order Taylor discretization of the mechanical

speed is then considered:

pψm − (10)

ω = ωk +k+1 sω
m m + Tsω · ω̇m

∣ ∣

∣

k

T 2

2

where the Tsω is the downsampling period of the outer control

loop. The derivative of the quadrature stator current in (10) is

discretized with the forward-Euler method:

k+1 ik

· ¨m∣

k
,ω (11)

disq sq sq

dt Tsω

Then, using equations (9), (10) and (12) in equation (11)
k+1 ∗ k+1 ∗ ∗ ı∗

=
i −

. (12)

and considering ω = ω and i = i , where ω andm sq sq sq

are the speed and quadrature current references respectively,

it is possible to solve equation (11) in order to obtain a

quadrature stator current reference:

1
i =−

∗ 2 k 2 ∗ 2 2
sq (J2 K Tsω) (2Jm T

m m m m sω mω − 2J ω +B T ωk

+BmTLT p− 2BmJmTsωω
k
− 2JmTLTsωpsω

ˆ ˆ2
m

+ i J ),k 2 k
sw

(13)
KTTsω −Bmi JmKTT

2
sq m sq

where the constant KT = 3p2ψm .
2Jm

The reference obtained in the last equation is used in the

inner model predictive current control (6). Equation (13) needs
ˆa load torque TL. for this reason a disturbance observer is

ˆimplemented to estimate TL in the form of a Kalman filter.

Details of this Kalman filter implementation were reported the

the same authors in [24].

IV. SIMULATION RESULT

The simulations of this work were performed using the

software PLECS. The inner control loop runs at a sampling

time of Ts = 40[µs], while the outer speed loop it is

subsampled by a factor of ten, i.e. Tsω = 400[µs]. The

TABLE I
PARAMETERS

Parameter Value Unit

Rs 0.369 [Ω]
Ls 2.4 [mH]
ψm 0.129 [Wb]

−3Jm 1.916 · 10 [Kg ·m2]
−3 radBm 4.64 · 10 [ Nm ·

s
]

p 5

Ts 40 [µs]
400 [µs]Tsω

parameters of the permanent magnet synchronous machine

are given in Table I.

The dynamic behavior of the proposed control scheme for

the PMSM is presented in Fig. 3. The maneuver consist in:

start with zero speed reference, at time t = 0.02[s] the speed

reference changes to nominal value, then at time t = 0.07[s]
a nominal load torque is applied, and finally at t = 0.12[s]
a speed reversal from the nominal speed to negative nominal

speed rate is applied. The speed control of the machine shows

good reference tracking, with a fast dynamic response and

without observable overshoot or undershoots. The quadrature

stator current is shown in Fig. 3(b). The reference of this

current is produced by the outer control loop (dead-beat

control) and it is tracked by the inner control loop (FS-MPC).

Fig. 3(c) shows the good tracking of the direct quadrature

current, which is permanent set to zero. The a-phase stator

current of the PMSM is shown in Fig. 3(d) illustrating that

the phase current are highly sinusoidal, despite the variable

switching frequency.

Fig. 4 shows the steady-state behavior of the control of

the machine at nominal speed and nominal load torque. The

control of the speed is stable around of the reference, without

offset. Despite the fact that the speed control is proportional

in nature. The inner current controllers for the quadrature

and direct stator currents have a steady-state tracking of the

reference. The phase stator current (Fig. 4(d)) has a sinusoidal

shape.

A load impact is shown in the Fig. 5 where, in the time
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Fig. 3. Dynamic response. (a) motor speed; (b) Quadrature stator current; (c) Direct stator current; (c) Phase stator current.

t = 0.005[s], a nominal load torque is applied. This result

show a fast disturbance rejection without steady-state error,

thanks to the load torque disturbance and dead-beat control

considers.

V. CONCLUSIONS

This paper presented a speed model predictive control

for a permanent magnet synchronous machine. The strategy

used a cascade architecture similarly to a well-know field

oriented control or direct torque control. The predictive

control proposed uses the optimal response of current FS-

MPC loop to decouple its dynamics form to the outer loop

design. This allows for dead-beat design of the outer loop,

provided that a reasonable downsampling time is used in the

external loop.

The technique proposes for the PMSM is validated with

simulation results. The dynamics and steady-state behavior

of the results show a good performance of the machine.

The speed control has high dynamic performance respect to

changes in the speed reference and torque disturbance. The

steady-state response is also good, without steady-state error

despite not integration in the controller, thanks to the use of

a load torque observer.
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