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Abstract: This paper presents a cascade predictive control structure based on the field-oriented control (FOC)
in the dg rotor reference frame for the synchronous reluctance machine (SynRM). The constant d-axis current
control strategy was used and thus, the electromagnetic torque was directly controlled by the g-axis current.
Because the model of the two axes currents from the inner loop is a coupled non-linear multivariable one, to
non-interaction linear control the two currents, their decoupling was achieved through feedforward
components. Following the decoupling, two independent monovariable linear systems resulted for the two
currents dynamics that were controlled using model predictive control (MPC) algorithms, considering their
ability to automatically handle the state bounds. The most important bounds for SynRM are the limits imposed
on currents and voltages, which in the dg plane correspond to a circular limit. To avoid computational effort,
linear limitations were adopted through polygonal approximations, resulting in rectangular regions in the dg
plane. For the outer loop that controls the angular speed with a constrained MPC algorithm, as plant was
considered the g-axis current closed loop dynamics and the torque linear equation. To evaluate the
performances of the proposed cascade predictive control structure, a simulation study using MPC controllers
versus PI ones was conducted.

Keywords: synchronous reluctance machine; model predictive control; field orientation control; linear
constraints; quadratic programming

1. Introduction

The high performance electric drive systems are now designed to fulfill the main requirements
such as fast transient, high power density, high efficiency, low rotor inertia. On a large scale, the most
popular used electric machine is the induction one, but with low efficiency for low power range,
which makes it to be inappropriate for this kind of application. A secondary option is represented by
the permanent magnet synchronous machine with various benefits as high efficiency and low rotor
inertia, but with the main drawback given by the demagnetization phenomenon when operating at
high temperatures. At last, the synchronous reluctance machine (SynRM) becomes an attractive
solution for a large range of power and speed, being a low-cost machine with eco-friendly
environment impact, and multiple benefits, as: compact sizes, low mass and rotor inertia, and the
rotor having no electric windings, cage, or permanent magnets. For the modern applications of
SynRM drives, advanced control algorithms are used to obtain high performances such as fast
transient regime, good tracking results, efficient disturbance rejection [1,2].

The main control strategies of SynRM are divided into the following categories: constant d-axis
current control (when the torque is varied by the g-axis current), current angle control (with the
groups: fast torque response, maximum power factor control, maximum torque per ampere control)
and active flux control [4,5]. These control strategies are usually implemented using the field-oriented
control (FOC) concept, which involves a cascade control structure with an outer loop for angular
speed control and an inner loop for d-axis and g-axis currents control. To control the d-axis and g-axis
currents independently, decoupling feedforward components are frequently used in both current
control loops.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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For FOC approach, simple control solutions, such as proportional-integral (PI) controllers are
dominant in many applications but having as main drawback the inability to deal with constraints in
a nonconservative way. For example, a cascade structure based on FOC that uses the constant d-axis
current strategy whose two loops controllers are Pl is given in [6]. In [4], the performances obtained
with PI controllers are comparatively analyzed for the main control strategies of SynRM implemented
in a cascade control structure based on FOC. With a constant d-axis current reference, in [7] a FOC
strategy with PI controllers having an anti-wind-up mechanism is used to develop a cascade control
structure for SynRM.

The current control problem of the SynRM is a quadratically constrained problem and for this
reason, a solution was the use of model predictive control (MPC) algorithms that can automatically
handle the constraints. However, at the beginning the main problem in using MPC algorithms for
SynRM control was the computational complexity. In recent years, with the advances in hardware
and solver development, MPC strategy can be successfully implemented in SynRM control systems.
For the predictive current control, based on the way in which the switching action of the power
inverter is produced, the finite set or continuous set approach is used. Thus, in [8], a current predictive
control algorithm for a finite set of switching actions of the power inverter was introduced based on
a one-step-ahead prediction model obtained by the discretization of the continuous time coupled
non-linear multivariable dq current model with the forward Euler method. Using a cost function with
soft constraints, the optimal switching vector for the inverter was selected. A similar current
predictive control algorithm is presented in [9], considering a coupled linear multivariable dq current
model by using a constant rotor electrical angular speed. The overcurrent protection is obtained by
adding a variable in the cost function that considers the safety current limits. Recently, model-free
MPC current controllers have been developed. Thus, this approach is presented in [10] using a model-
free MPC current controller based on a finite-set unconstrained approach. For current prediction,
current measurements continually updated stored in a look-up table are employed. A similar
approach, where an improved unconstrained model-free MPC current control based on a flux-current
map of SynRM for considering the nonlinear magnetic features of SynRM can be found in [11]. At the
same time, in [12] an unconstrained continuous-set model-free MPC algorithm without using the
explicit model of SynRM is introduced.

Starting from the multivariable model of dg currents and the monovariable one obtained by
decoupling, in [13] MPC current controllers with constraints based on continuous set approach are
designed and their performances are compared.

For the outer loop, meant to control the angular speed of SynRM, the PI controller is the most
frequently used [3,4], [6,7]. Due to the difficulty of this controller regarding constraints handling,
MPC algorithms are also used for speed control [14].

Although, the MPC with finite set control is widely used in SynRM control due to certain benefits
in SynRM control [7], the high switching frequency required by this strategy [15,16] reduces the
performances of the practical applications, becoming an impediment for real-time implementation.
At the same time, for MPC with finite set control strategy, the constraints handling is difficult. The
overcurrent protection is usually obtained by adding a soft constraint set in the cost function that
considers the safety current limits, while the voltage limitations are directly imposed by the searching
algorithm which generates a voltage magnitude in the admissible domain.

Regarding the continuous set approach used for field oriented predictive control of SynRM,
according to the authors' knowledge, few results have been reported. Thus, in [18] the design and
implementation of a current controller for a SynRM based on the continuous set nonlinear model
predictive control is described. For a permanent magnet assisted synchronous reluctance motor
(PMA-SynRM)), starting from nonlinear dynamical model in [19], the design of a continuous set MPC
based on an augmented linearized model is presented.

In this paper a cascade predictive control structure based on FOC in dg rotor reference frame for
SynRM was proposed. Among the FOC-based SynRM control strategies, the constant d-axis current
control was chosen, which provides the direct control of the electromagnetic torque through the g-
axis current. Because the model of the two axes currents from the inner loop is a coupled non-linear
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multivariable one, to non-interaction linear control the two currents, their decoupling was achieved
through feedforward components. In this way, the dynamics of the d-axis current, which must be
constant, is not influenced by the g-axis current variations. After decoupling, two independent
monovariable linear systems resulted for the two currents dynamics that were controlled using MPC
algorithms, due to their ability to automatically handle the bounds imposed on the states.

The most important bounds for SynRM are the limits imposed on currents and voltages, which
in the dg plane correspond to circular regions. To avoid computational effort, linear limitations were
adopted through polygonal approximations, resulting in rectangular regions in the dg plane. For the
d-axis current, the upper limit was imposed as its reference, and thus, the parameter of the circular
region transformation related to the currents into a rectangular one was defined by the ratio between
the d-axis current reference and the maximum stator current. The transformation of the circular
region related to the voltages into a rectangular one in the dg plane was carried out by a parameter
chosen by the user. To obtain the constraints imposed on the outputs of the MPC current controllers,
the voltage limitations in the dg plane were considered, to which the maximum values of the
feedforward components were appropriately added. For the outer loop that controls the angular
speed with a constrained MPC algorithm, it was considered as plant the g-axis current closed loop
dynamics and the linear equation of the torque depending on the g-axis current. To eliminate the
steady state speed error due to unmeasured disturbance generated by the load torque and modeling
errors, the user speed reference of the MPC speed controller is replaced by adding an integral action
and a feedforward component.

The MPC algorithms were designed in such a way to obtain reference tracking by adding an
additional state to the plant model to obtain input increment which becomes optimization variable.
The cost functions and related constraints used for MPC algorithms design were transformed into a
quadratic programming (QP) problem. To avoid the infeasibility of the QP problem, some constraints
are treated as soft constraints by using a slack variable. The implementation is done in Matlab-
Simulink using the facilities offered by the MPC Designer from Model Predictive Control Toolbox.
To evaluate the performance of the proposed cascade predictive control structure based on FOC in
the dq rotor reference frame for SynRM, a simulation study using MPC controllers versus PI ones was
conducted. PI controllers, often used for the cascade control of SynRM in industrial applications, were
designed using the pole-placement method, and to limit some variables imposed by the constraints,
saturation type blocks were introduced at the output of the controllers together with the related anti-
windup mechanisms. Since the design method introduces a zero in the closed loop system, a zero-
cancelation ZC block was used in order not to alter the performances. Finally, through a comparative
analysis of the performances obtained with the MPC and ZC-PI controllers respectively, the better
performing behavior of the predictive control cascade structure resulted.

The rest of the paper is organized as follows. In Section II the dg SynRM model with physical
limits together with the cascade predictive control structure in the dq rotor reference frame are
presented. Section III is dedicated to the design of the inner and outer loops of the proposed cascade
predictive control structure. A comparative analysis of the performances obtained with the MPC and
ZC-PI controllers is given in Section IV. The conclusions of the paper are presented in Section V.

2. SynRM cascade predictive control structure in the rotor reference frame
In this paper, a cascade predictive control structure is proposed for SynRM currents and angular
speed control in the rotor reference frame.

2.1. Plant model and physical limits

The dg SynRM model is composed of the electrical circuit, torque generator and mechanical
system models [3]. The electrical circuit is described by the current equations:
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di,(t) 1 . -

ldt Zz(ud (=R, (t)+we(t)quq(t))

. , 1
d’;gt) = Liq(uq ()= Ri, (1) - @,(t) L, (1))

where (u4,u4), (ia,ig), and (L4, Lq) are voltages, currents and inductances on the d-axis and g-axis, and Rs
is the stator resistance. The torque generator is described by the following equation:

1.0 =3 p(L, = )i, (0,0 @)

and the equation of the mechanical system is given by:

do,() _1

0 J(Yl(t)—T/(t)), €))

where (we,wn) denote the electrical and mechanical speeds, withw, = pw,, , p being the number of
poles pairs, and (T, Ti) denote the electromagnetic and load torques.

The electrical circuit model (1) of the SynRM is multivariable and non-linear as it includes the
product of the electrical angular velocity @, and the dgq currents. In the same time, critical
constraints are imposed on the electrical variables, the most important referring to the limitation of
currents i=[i, i,]" and voltages u=[u, u ] whose upper limits on the magnitude correspond to a
circular limit in the dg plane. Using the generic notation m=[m, m " for current and voltage

signals, the main constraint becomes:

,/m3+m:SM, 4)

where M is the maximum phase amplitude of the stator current /

s,max /

respectively, of the stator
voltage U, .. . Typically 7 is determined from the motor specifications and if the space vector
pulse-width modulation is used for the inverter control with DC-link voltage U ,. ,

U, e =Upc/ V3 . Due to the high computational effort imposed by the circular limit (4), its

approximation through linear polygonal limitations was chosen. Thus, the circular region is
approximated by a rectangular one defined by the maximum values [19]:

mp™ = oM

: 5
mr =\1-0*M ®

where 0<0 <1 is a parameter that determines the configuration of the rectangular region. Using
limits (5), the linear constraints become:
—-m;™ <m,(t) <m;™

max max .
-m," <m, (1) <m,

(6)

The circular and the rectangular regions are represented in Figure 1, from where it can be seen that
the rectangular area is smaller than the circular one.
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Figure 1. The rectangular approximation of the circular region.

The torque generator model (2) is also non-linear due to the product of the two currents. Usually,
for the mechanical system, a constraint is imposed on the angular speed limits of the motor:

-0 <o, ()< 0" . (7)

In the following, to simplify the notations, the time variable t will be omitted.

2.2. Cascade predictive control structure

Using the electrical circuit, the torque generator and the mechanical system models (1), (2) and
(3), the cascade predictive control structure of a SynRM in the rotor reference frame from Figure 2
was developed for the currents and the motor angular speed control. Since the dynamics of the
mechanical system are slower compared to the electrical ones, the outer loop is intended for
mechanical speed regulation and the inner one for dg currents control. For both loops, MPC was
chosen as the control laws due to the superior performance obtained and the possibility of
considering in the design phase the constraints originating from physical limits.

Among the cascade control strategies of SynRM, the one based on keeping constant the current
on the d-axis was chosen [20]. In this way, the current on the g-axis will be the one that controls the
electromagnetic torque and relation (2) becomes a linear one.

The inner loop has as a plant the multivariable and non-linear model of the electrical circuit (1).
The plant model is decoupled using the feedforward control components from Decoupling block,
resulting in two linear monovariable systems that are controlled with MPCd and MPCg controllers
whose output variables are v, and v, . The first monovariable system will control the current i,

»

for which the constant reference iy is imposed, and the second one, the current i for which the

reference is generated by the outer loop controller. Considering the possibility to treat the state
bounds by the MPC controllers intended for the inner current loop, the linear constraints (6) adapted
to the currents i, - i, and the voltages v, - v, will be used.
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Figure 2. The cascade predictive control structure.

For the outer loop, the plant is composed of the inner loop for the current i, control because the
current i, is considered constant, of the torque generator and the mechanical system. By adopting

the control strategy based on keeping constant the d-axis current, the outer plant is a linear one that
will be controlled by the MPCw controller. To eliminate the steady state error due to unmeasured
disturbance generated by the load torque 7, and modeling errors, an integral action and a

feedforward component with the gains K, and K, are added for the offset-free tracking. Thus, the

reference @, of the MPCw controller will be replaced by [21]:
@ =K, +K,._|'(a)”’ff -w,)dt, (8)

where the gains K, and K, are chosen in such a way as to influence the dynamics of the control
system as little as possible. The outer loop controller will limit the angular speed @, by using the

linear constraint (7).

3. Design of the cascade predictive control structure

The design of the proposed cascade predictive control structure from Figure 2 consists in solving
the control problems of the two loops. Firstly, the feedforward control components and the MPCd
and MPCq controllers related to the inner loop are designed for controlling the i, and i, currents

considering the constraints imposed by the physical limits. Secondly, the MPCw controller related to
the outer loop is designed to control the angular speed of the motor in the presence of the load torque
and constraints.

3.1. Inner current loop design

Considering the control problems imposed to the internal loop, the control structure from Figure
3 was chosen.
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Figure 3. The inner current loop control structure of SynRM.

The plant is described by equation (1) which highlights a non-linear multivariable system whose
main channels are described by the transfer functions of the R-L circuits:
1/R
H. = . 5 i d) s
0= e .} ©)

J

where T, = L,/ R, are the time constants of R-L circuits. Considering that both the feedforward

components and the MPCd/q predictive controllers are discrete-time type, for their design, model (1)
is discretized with the forward Euler method resulting in:

i,(k+)=a,,(k)+bu,k)+ L ak), (k)
i (k+D)=aji (k)+bu (k)—L,ak)i, k) (10)
for which the following notations were used:
a,=1-T /7, b =T, /L, je{d.q}. (11)
The first two terms of the right side of equation (10) represent the discrete-time model of the R-

L circuit, and the last term, the interaction between the channels of the multivariable system. To
eliminate the interactions containing nonlinearities, feedforward components are used described by:

u/,(k) = Lja)e(k)l.j(k)7 (12)
resulting for the voltages u; the expressions:

u (k) =v,(k)—u, k)
u, (k)= v, (k) +u,, (k) (13)
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where vj represents the input variables of the two decoupled monovariable R-L circuits.
Replacing u;j given by (13) in (10), the decoupled monovariable discrete-time models are
obtained:

i(k+1)=a,i,(k)+by, k), (14)

that will become plants for MPCd/q controllers.
For the currents i,(k) to track their references i]’.'ef , the increment:

Av (k) = v, (k)= v, (k-1) (15)

is considered as input signal, the reason for which the model (10) is extended with the new state
x,(k)=v,(k—1), resulting the augmented model:

i(k+1) | fa; b, | (k) N b, Av (K
w4 |0 1 |[xa |t A ® (16)
Using the compact form of the model (16):
X;(k+1)=A x,(k)+b Av,(k) (17)

the linear prediction model can be easily determined:

xj(k+n)=A;',xj(k)+nziiA'f’bjAvj(k—1—m) (18)

J

and finally, the output prediction:
i(k+n)=[1 0]x,(k+n). (19)

Considering the linear constraints (6) imposed on the electrical variables, in the following they
will be specified for the currents ij and the voltages vj. Thus, for the currents, the maximum values

result:
.max __
ld - O.i]s,max >
.max __ 2
lq - Vl_o.t I.v,max’ (20)
§,max = ciIsN

where ci is a parameter that fixes the maximum value of the stator current / according to the
nominal value 7, . Knowing that the i current is positive and upper limited by #;, the o,

1

parameter willbe o, =i/ /1. and the current linear constraints related to (6) and (5) become:
0<i, <im™

< <l-max' (21)
q — 9 T q

The constraints imposed on the vj voltages depend on the ujvoltage constraints generated by the
physical limitations and the relationships (13) between v and u;. First, the maximum values of the u;
voltages are determined based on equation (5):

w = 1=02U,... (22)

and then, the maximum values of the feedforward components us are determined using the
maximum values of the currents ij and the nominal electrical angular velocity w,, :
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max

ufd = C()eNqu;nax (23)
g = QL™

Introducing the maximum values of the voltages ujand ug in (13), the maximum values of the
voltages vj are obtained:

max

max __ max
v, =u, +Mﬁ1

V:Inax — u;nax _ u});ax (24)

and thus, the linear constraints related to the control signals of the two MPC current controllers are
found:

max max
v, Sv, Sy,

(25)

max max
— < <
Vq = Vq = Vq

Considering the tracking of the references i/ by the currents i,(k), the constrained quadratic

cost function is chosen having the form:

;)= i(é‘m (G (k+n) _i;‘Ef(k)))z +i(lijV/(k + p))z 1P

-min min . +max max _ > (26)
st‘{lj -V <i(k+n) < +e VT, n=1,.,h,
o min min max max _ _

it —e V" <vi(k+n) v +e V™, n=0,..,h; -1

where V; = {Av/. (k), Av,(k+1), .., Av,(k+h, —1), Ej} is the future control sequence, hyj and k. are the

prediction and control horizons, 6j» and Aj are the real positive weights factors of the output and the
control signals. The slack variable &, isintroduced to allow constraints violations together with the

and

. . in/; in/
nonnegative weights V"™ yamm

, while the term p,¢;, isadded to penalize &, in the cost
function with p, >>6,,4,.

The constrained quadratic cost function (26), by substituting the output prediction (19) can be
reformulated as a QP problem which leads to the optimal solution [22]:

* (1 o
\Z =argrr¢1/n(EVfH‘in +[’./(k) ;7 (k) Ayi(k—l)]Fl.TV/)

i, (k) : 27)
st:G,V,<W +S | (k)
Av,(k-1)
where the involved matrices Hj, Fj, Gj, Wj and S;j of adequate sizes are determined as in [23].

According to the receding horizon principle, only the first element of V; is used to determine

the control signal applied to the decoupling controller:
v;(k)=Av,(k)—v;(k-1). (28)

Since the strategy of keeping the iz current constant was considered, the reference for the current
control loop was chosen based on the active flux concept [24]:

irqf — 'I”a .
¢ L-L

q

(29)
and thus, the electromagnetic torque of the SynRM motor is given now by the linear relationship:

3
7:2 :Epy/aiq zktiq (30)
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which replaces the non-linear expression (2) of the torque.

3.2. Outer speed loop design

For the outer loop, the plant consists of the designed inner closed-loop system of the i; current
to which the mechanical system model (3) is added considering the electromagnetic torque (30).
Usually, the dynamics of the inner closed-loop system of the i; current is approximated with a first-
order element whose time constant z  is correlated with the closed-loop dynamics:

S L
= 7, Ly quq - (31)

Based on the two models (31) and (3) with the electromagnetic torque (30) , the outer loop plant

model having as input u the reference i:f and as output the mechanical speed @, is described by:
w, (k+1 a, c, ||o,k) 0 7,
= " T
[iq(kﬂ)} {0 cmj[iq(k) oy [ g T (32)

where the following notations were used:
a,=1/J;¢c,=3py, T 1J;c,, =1-T /1,

—— : (33)
b,=T /7, u, =lq‘f, y=-T.1J;

To obtain output free tracking, a new state x, (k) =u, (k—1) is added to the system states (32),

resulting the augmented model:

o, (k+1| [a, ¢, 0]l@,k]| [0 Vo
i,(k+1) |=| 0 ¢, b, || i,0) |+|b, |Au,k)+| 0 |T. (34)
x,(k+)| [0 0 1]|lx (k)| |1 0

For the augmented model (34), the input is the increment Au , (k) and thus o, (k) will track
the reference @/ . Considering a zero-load disturbance T, = 0 , the model (34) can be put in its

compact form:
x (k+1)=A x (k)+b Au (k) (35)

based on which the linear prediction model is simply determined:

n—l

X, (k+n)=Ax, (k)+ D A’b, Au, (k—1-p) . (36)

p=0
Using (36), the output prediction is directly found:
o, (k+n)=[1 0 0]x,(k+n). (37)

Having in view the necessity to track the reference @’? by the controlled output @, (k) and
the limitations regarding the controlled output @, (k) and the input signal u, = i;ef, a quadratic

constrained cost function of the form was chosen:

J,(V)= Z (5mn (@, (k+n)—af (k)))2 + hz (4,,Av,, (k + p))2 +pE,
: (38)

m

w" <u, (k+n)<u)™ ,n=0,.,h, -1

s e,

ot {m‘“‘“ -V, <o (k+n) <@ +e, V", n=1,..h,,

where V, ={Av, (k), Av, (k+1), ..., Av, (k+h,, —1), €,}is the future control sequence, fiym and hen are

the prediction and control horizons, ¢, is the slack variable used to relax the constraints together with
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the nonnegative weights V™™™, §jn and Ajn are the real positive weights factors of the output and
the control signals, p, >>d,,4, is the slack variable weight, @™ ™ are the limits of the speed.
min/max

Since u,, = iff ,u, are chosen according to the second inequality from (21).

The quadratic cost function (38) subjects to the linear constraints can be reformulated as a QP
problem by substituting the output prediction (37), which leads to the optimal solution [22]:

U, =argn3mGUQHmUm+[wm(k) @ (k) Aum(k—l)]F;Um)

@, (k)
st:G,U <W +S | @ k)
Au, (k—1)

, (39)

where the involved matrices Hu, Fi, Gn, Wi and Sw of adequate sizes are determined as in [23].
Based on the receding horizon principle, only the first element of U, is used to determine the

control signal applied to the inner control loop of the current i, as reference:

u, (k)= Au’ (k) —u, (k=1). (40)

4. Ilustrative case study

To evaluate the performances of the proposed cascade predictive control structure for SynRM,
a simulation study was carried out using a Simulink model of the motor in dg coordinates and
predictive controllers from the MPC Simulink Library.

The simulation results were compared with those obtained with a cascade regulation structure
with ZC-PI controllers instead of MPC ones, often used in industrial applications. For the design of
the PI controllers, the pole placement method was used [25], considering the R-L plant transfer
function for the current controllers:

1
sL. +R

J s

Hy,(s)= .jeld.q}, (41)

and the mechanical plant transfer function for the speed controller, neglecting the inner loop
dynamics:
k
H, (s)=—"t. 42
W)= (42)

Following the design of the PI controllers, the tuning parameters of the current and speed
controllers resulted:

— . — 2
K,=200,L, -R; K, =w,L,

Jmi n

2 ’ 43
pr — 2;Mka)nm‘], K[w — CI);:J ( )

t t

where w

,m 18 the natural frequency and ¢, is the loop attenuation of the inner/outer loop
systems. Furthermore, a zero appears in the closed—loop transfer function which can be canceled by
introducing a zero—cancellation block ZC in the feedforward path [25].

The saturation used for ZC-PI controllers output constraints requires an anti-windup mechanism
[26].

For the simulation study, Table 1 with the specifications of the SynRM from [9,27] was used.
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Symbol Description Values
Pn [W] Nominal power 3000
U~ [V] Nominal voltage 355

Tn [Nm] Nominal torque 19.1

pan [Wb] Nominal active flux 0.69
IN[A] Nominal current 7.9
wmN [rad/sec] Nominal speed 157
Rs [Q] Rotor resistence 1.35
La [H] Direct axis inductance 0.186
Ls [H] Quadrature axis inductance 0.04
Jlkg-m?] Rotor inertia 0.079
p Stator pole pairs 2
Ubc [V] Nominal DC link voltage 650

The sampling period for the controller design was chosen Ts= 50 microseconds according to the
requirements of the current loops” dynamics.

With the SynRM parameters from Table 1, the inner plant model used for MPC current
controllers design turns into:

X, (k+1)= A x, (k) +b Av, (k)
i,(k)y=c¢"x,(k)

4 4
0.99 2.1-10 j=d 2.1-10 j=d (44)
0 1 1 .
j: _3 > f: 3 ;cj:[l 0]
098 1-10°] 110°]
0 | > J =4 1 »J =4

and the outer plant model including inner loops dynamics for MPC speed controller design becomes:

x, (k+1)=A,x, (k) +b,Av, (k)
o, (k)= ¢, x,, (k)

1 00010 0 0 - (45)
A,=0 098 1107 |;b, =[1-107 ;¢ =[1 0]
0 0 1 1

The simulation study is performed in Matlab-Simulink environment, by using the MPC
Designer block from Model Predictive Control Toolbox. Since the control strategy based on keeping
constant the current on the d-axis was chosen for the cascade predictive control structure of SynRM,
the reference for ia is calculated with i)y =y, /(L, —L,)=4.724 [27].

The limit values of the constraints were determined based on the method from Section 2, using

the rectangular regions from Figure 1. The circle radius M for currents is given by [ =141, and

§,max

for voltages by U,  =U,./~/3 . Since for the constant current on the d-axis, the limitation

i, € [O, i J is imposed, the value o, =i}’ /I . =0.43 was adopted. For the voltages u; constraints,
o,=0.3 was assumed, and for v; voltages, equations (24-25) were used to obtain the imposed

limitations.
For the speed reference computing, the following gains values are selected: K, =0.001 and

K, =3.29.
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Thus, Table 2 summarizes the tuning parameters and constraints for both MPC and PI
controllers.

Table 2. Tuning parameters and constraints for controllers of the two cascade structures.

Controller Parameter Current loops Speed loop
j=d =q (m)
Ojim 0.6 0.5 0.7
Ajim 105 3-10°5 2-10°%
hpjm 40 40 20
hejim 2 2 2
Ujpmminimax -/+112.58V -/+356.51V - [+9.98A
MPC jrin/max -[+237.99V -/+78.75V -
Lapgmin/max 0/4.75 -/+9.98A -
Vijpmin 0A 0A Orad/sec
Vjmmax 1A 1A Irad/sec
Litm 105 105 105
Kpj/m 4.05 1.34 0.51
- KU Jm 78.41 91.09 0.21
yfin/max -/+237.99V -/+78.75V -
ummin/max - - - /+9.98A

The outer speed loop tracking results for both MPC and ZC-PI controllers of SynRM cascade
structure are depicted in Figure 4. The speed reference is set at a constant value that corresponds to
the nominal one @’ = @,, . A no-load start of SynRM is considered, and then, after 4 sec a load torque
of value T, =0.75T, is applied (Figure 6), which represents the main disturbance that acts on
SynRM. As it can be seen in Figure 4, for the MPC control is obtained the settling time " = 0.6sec
, which is much smaller than the settling time /" =2sec achieved with ZC-PI control.

Additionally, ZC-PI speed control response has a very small overshoot, while MPC speed control has
no overshoot.

Speed tracking

150 v .
o f
g WEC Pl
B 100 Wi 1
= MPC

w

'8 m
(0]
%)

50 1

O L L 1
0 2 4 6 8 10

Time [sec]
Figure 4. The speed tracking results.

Moreover, when the load torque is applied, the speed variations are much higher with ZC-PI
control compared to MPC. It can be mentioned, that on the no-load start conditions of SynRM, the
fast outer speed closed loop dynamics with MPCw generates a high value of the controller output,
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which will be limited by the imposed constraints. The same limitation is also applied as g-axis current
reference. Therefore, the current references and their tracking, which are presented in Figure 5 have
a major influence of SynRM operation.

d-axis current tracking

6 T T
'
<4p ref-ZC-PlL|
— 1 [d
- 1
[= iref-MPC
R Iy
o .ZC-PI
o2 : I B
T MPC
d
0 s . ! s
0 2 4 6 8 10
Time [sec]
15 g-axis current tracking
10 F— .

iref—ZC—PI
q -

>

Current [A]
o

iref—MPC
q
5+ jZC-PI E
q
_____ MPC i
10 F ig
_1 5 1 1 1 1
0 2 4 6 8 10
Time [sec]

Figure 5. The inner current loop tracking results.

The currents constraints are established according to Table 2. For d-axis, the MPC current

response i, is faster than the corresponding ZC-PI one i7“"". Moreover, compared with ZC-PI

current responsei; ", the MPC current response presents no overshoot. On the g-axis, both current

«(PI/MPC)ref

-MPC
lq

Ly

responses, ;' and , must track their current references which are provided by the

speed controller. At the start of SynRM drive, the g-axis MPC current response has a larger value than
the ZC-PI one and is limited by the constraints. When the load torque is applied (Figure 6), the
response i,"* is faster than the ZC-PL one i,, and both responses present small overshoots.

The electromagnetic and load torques are illustrated Figure 6. As a constant d-axis current
control was chosen, the electromagnetic torque depends linearly on the g-axis current. Thus, for the
no-load start conditions, when g-axis current of the MPC structure has its maximum value imposed
by the constraints, the electromagnetic torque 7" presents a higher value in comparison with the
one obtained by ZC-PI controller 77", which will lead to a smaller settling time. When the load
torque is applied, a faster response of the electromagnetic torque related to the MPC structure is
obtained, with a faster load rejection.


https://doi.org/10.20944/preprints202305.1094.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 May 2023 do0i:10.20944/preprints202305.1094.v1

15

Load and electromagnetic torques

25
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— 15F I\& B
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0 2 4 6 8 10
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Figure 6. The electromagnetic and load torques.

The output current controllers and the input voltages of SynRM dgq model are illustrated in
Figure 7.
The MPCd/q controller outputs v,;’* are limited by the adopted constraints from Table 2.

However, in comparison with the ZC-PI controller outputs v}, , the MPC controller outputs v}’

present high variation components that are limited by the imposed constraints. Taking into account
ZC-pPl P

(23-24), the input voltages of SynRM dgq model u;, " and ul! qc depend on the controller outputs

vy, "and vy ¢, and on current limitations via the feedforward decoupling voltages. Therefore, by

current controller outputs constraints, the input voltages of SynRM dg model are limited.

Output current controllers

300 . .
Vic-m
200 - V2P|
< q
= MPC
o Yy
2 100 - . N yMPC |
% 1 1 a
> -y H
0 Il i )
I 1
! !
_100 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8
Time [sec]
SynRM input voltages
400 : . yn i g : .
S' 200
Q
(@]
8
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200 . ! s ! ! . !
0 1 2 3 4 5 6 7 8
Time [sec]

Figure 7. The output of the current controllers and the input voltages of SynRM dq model.
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Finally, it can be concluded that the MPC algorithms with related constraints used in the FOC
cascade control structure improve the dynamic performances in comparison with the classical PI
control.

5. Conclusions

The cascade MPC control structure based on FOC in the rotor reference frame allows us to obtain
a high performance SynRM drive. By using the feedforward decoupling technique, the multivariable
inner current loop of the cascade structure is transformed into two monovariable non-interaction
linear systems, and thus, the two currents are independently controlled. Since the control strategy
based on keeping constant the current on the d-axis was chosen for the cascade predictive control
structure, the electromagnetic torque depends only on the g-axis current component, and hence, a
linear MPC outer loop controller is used.

The critical constraints imposed on the electrical variables whose upper limits on the magnitude
correspond to a circular limit in the dq plane were transformed into linear constraints through
polygonal approximations to reduce the computational effort.

The steady state angular speed error due to the unmeasured disturbance introduced by the load
torque and modeling errors is eliminated by adding an integral action and a feedforward component
on the angular speed reference computation.

The performance of the proposed cascade predictive control structure based on FOC in the dgq
rotor reference frame for SynRM was evaluated in a simulation study using MPC controllers versus
PI ones, resulting better behaviors of the MPC algorithms.
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