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Artificial bee colony based state feedback position controller
for PMSM servo-drive — the efficiency analysis
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Abstract. This paper presents a state feedback controller (SFC) for position control of PMSM servo-drive. Firstly, a short review of the com-
monly used swarm-based optimization algorithms for tuning of SFC is presented. Then designing process of current control loop as well as of
SFC with feedforward path is depicted. Next, coefficients of controller are tuned by using an artificial bee colony (ABC) optimization algo-
rithm. Three of the most commonly applied tuning methods (i.e. linear-quadratic optimization, pole placement technique and direct selection of
coefficients) are used and investigated in terms of positioning performance, disturbance compensation and robustness against plant parameter
changes. Simulation analysis is supported by experimental tests conducted on laboratory stand with modern PMSM servo-drive.

Key words: tuning, PMSM servo-drive, artificial bee colony algorithm, linear-quadratic optimization, pole placement.

1. Introduction

Nowadays, servo-drives with PMSM are commonly applied
in motion control applications such as industrial robots or
CNC machines [1-3]. It is caused by superior dynamic prop-
erties, high torque to inertia ratio, reliability and effectiveness
of PMSM [4-7]. In order to achieve high-performance posi-
tion control of servo-drive, advanced control schemes are ap-
plied to regulate mechanical variables (i.e. angular position and
velocity). For example, in [8] a nonlinear H., control scheme is
proposed for PMSM servo-drive. In this solution, sliding mode
control (SMC) is used to improve robustness against parameter
variations. As a result, an efficient robust position controller for
PMSM is obtained, however, selection procedure of the con-
troller parameters for H., is made manually which requires ex-
pert knowledge and seems to be difficult. As it was reported
in [9], the selection process of SMC parameters has a direct im-
pact on control performance and it may be supported by evolu-
tionary algorithm. In this approach differential evolution (DE)
algorithm has been used to optimize parameters of SMC. It was
proven that the application of DE improves performance and
robustness of servo system. As it was shown in [10], neural
network based adaptive controller may also be applied to con-
trol PMSM servo-drive. The experimental results confirm that
the proposed solution assures robust tracking performance in
the case of parameter uncertainties. Similarly to the solution
presented above, several coefficients are designed manually to
provide the best performance. Another approach related to posi-
tion tracking of PMSM servo-drive is based on iterative learn-
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ing control (ILC) [11]. In this solution, a state feedback con-
troller (SFC) with integral path is incorporated with ILC law to
ensure the reduction of steady-state position error caused by a
load torque. Although designing process of SFC was supported
by Matlab toolboxes (i.e. CVX, SDPT3), weighting matrices
needed for minimization of the quadratic cost function have
been chosen manually. Presented results confirm that the pro-
posed control scheme is capable of achieving small tracking
errors after a small number of iterations.

As it was shown in [12, 13] an application of SFC assures
nonlinearity tolerance and robustness. Moreover, the computa-
tional effort of constrained SFC is relatively low and it can be
implemented in a modern (e.g. SiC based) servo-drive, where
time available for execution of control algorithm is limited due
to high switching and sampling frequencies (f; > 20 kHz) [14].
In such a case, quiet and efficient operation of PMSM servo-
drive can be obtained. Since all coefficients of SFC must be
selected simultaneously, synthesis procedure is not trivial. In
the case of manual tuning of SFC, a linear-quadratic optimiza-
tion method and a pole placement technique are most often ap-
plied [15, 16]. Even for these approaches tuning process is still
complex and it requires expert knowledge usually supported by
many time consuming attempts.

The above-mentioned disadvantage causes that automatic se-
lection of SFC coefficients is gaining attention. Swarm-based
optimization algorithms are also employed in this field be-
cause of good convergence and efficiency. From the literature
review, one can conclude that regardless of optimization algo-
rithm used (e.g. genetic algorithm — GA, particle swarm op-
timization — PSO, artificial bee colony — ABC) in most cases
coefficients of SFC are calculated with the help of linear-
quadratic optimization. In such a case, optimization algorithm
is utilized to find optimal values of weighting matrices needed
for calculation of SFC. For example in [17], PSO is em-
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ployed to obtain weighting matrices of linear-quadratic regu-
lator (LQR) designed for IPMSM drive. The presented results
demonstrate the feasibility of the proposed approach, how-
ever, the introduction of constraints on state variables (i.e. dg
axes currents) is not considered. In [18], GA is applied to
design weighting matrices of LQR for multimachine power
system. In this study a better control performance of GA-LQR
has been reported in comparison to LQR with manually
selected weighting matrices. In the proposed approach the
introduction of constraints is not taken into account. As it was
shown in [19], a relatively novel nature-inspired artificial bee
colony optimization algorithm can also be applied to tuning
process of LQR designed for PMSM servo-drive. Contrary to
solutions described above, constraints handling method has
been incorporated with optimization scheme to provide lim-
itation of state variables. As a result, safe operation of the
servo-drive can be achieved. In [20], comparison between
LQR and pole placement technique for flexible link manipu-
lator is shown. Since the pole placement is made with the help
of PSO while weighting matrices for LQR are selected
manually, inference about the effectiveness of applied meth-
ods is not possible.

In this paper, three of the most commonly employed tu-
ning methods (i.e. linear-quadratic optimization, pole place-
ment technique and direct selection of coefficients) are imple-
mented in tuning procedure supported by ABC optimization al-
gorithm. Designed controller is applied to motion control of
modern PMSM servo-drive. The efficiency of state feedback
controller based on ABC is investigated in terms of positioning
performance, disturbance compensation and robustness against
plant parameter changes. The initial version of this concept
was presented in [21]. In this paper, further information con-
cerning the control structure, optimization algorithm as well
as the literature review in a field of complex motion control
schemes supported by nature-inspired optimization methods are
depicted.

The rest of the paper is organized as follows. Section 2 de-
scribes the proposed control structure with respect to model of
the servo-drive, current control loop, and motion control state
feedback controller. In Section 3, based on ABC tuning of SFC
is presented. Section 4 demonstrates numerical experiments, in-
cluding repeatability, convergence, real-time responses of the
servo-drive as well as robustness. Finally, Section 5 concludes
this paper.

2. Mathematical model of the drive and
the control structure

Block diagram of the considered control structure is pre-
sented in Fig. 1. In this approach space vector components of
the PMSM currents are regulated using PI controllers, while
mechanical variables of the servo-drive (i.e. angular velocity
and position) are controlled using state feedback controller. In
order to improve the load torque compensation, the feedforward
path from estimated load torque has been introduced along with
the load torque observer.
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Fig. 1. Block diagram of the control structure with PMSM servo-drive:

SFC - state feedback controller, LTO — load torque observer, FL —feed-

back linearization, PI — current controller, SVM — space vector modu-

lator, PMSM — permanent magnet synchronous motor, LPF — low pass
filter

2.1. Current control loop. During synthesis process of the
current control loop several simplifying assumptions related to
the electrical part of the servo-drive have been made. Firstly, dy-
namics and nonlinearities of the VSI have been omitted. Since
SiC based power semiconductors were utilized and power con-
verter operates in a linear range above-mentioned assumptions
are valid. Secondly, it was also assumed that PMSM with sur-
face mounted magnets is considered and in this particular case
inductances in dg axes are equal (i.e. Ly = L, = Ly). Finally, it is
well-known that the model of the electrical part of the PMSM
is nonlinear and cross-coupled [22]. To overcome this disad-
vantage a feedback linearization method has been applied and
current controllers were designed for linear model of the plant
described by the following formulas [19]:

di
g (1) = g (1)K + g (1)K = Ryig (1) + L ’gft ) . (D
di
Urg(t) = t1q(t)Kp + ttng (t) Ky = Ryig(t) + Ls lsgt) 2)
with:
Una (t) :Pw(t)Lsiq(t)/Kpa (3)
ng(t) = —po(t) (Lyia(t) + v7) /Kp, )

where: u4(t), ujg(t) and wnq(t), ung(t) — linear and nonlin-
ear space vector components of voltages, u,(t), uy(t) — in-
put space vector components of SVM, K, — gain of VSI, Ry —
stator resistance, () — angular velocity, iz(), iy(f) — current
space vector components. From (1)—(2) one can see that the
right hand sides are linear and these will be applied during syn-
thesis process of the PI current controllers. However, nonlinear
and cross-coupled terms are included in u,,q(t), unq(t) and these
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will be added to the respective signals produced by controllers,
which was shown in Fig. 2.

7 Feedback
Linearization
I}
< > L, « |3 > u,,
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€ > p Uy

A 4
b.
l v VY

Fig. 2. Current controllers with feedback linearization

Tuning procedure of PI current controllers has been made
by using an internal model control (IMC) method [23]. In this
approach required rise time of controlled variable (dg-axis cur-
rents in this particular case) is used to calculate coefficients of
controller. The following formulas are applied:

K, = aLy/K,, o)
Kii=R,/Ly, (6)

where: & =10g(9) /7, T — the required rise time of current. Fi-
nally, from Fig. 2 one can see that an anti-windup path based on
the tracking back calculation approach has been adopted [24].

2.2. Control of mechanical variables. Synthesis process of
state feedback controller for angular position and velocity re-
quires a state equation of servo-drive mechanical part. Several
assumptions have been made during the considered procedure.
Firstly, the dynamics of current control loop is omitted, which
is consistent with the theory related to electrical drives [19,25].
Secondly, the load torque is treated as an external disturbance
and therefore it will be omitted in synthesis procedure. How-
ever, an additional feedforward path will be introduced to im-
prove load torque compensation. Finally, to provide steady-
state error-free operation of servo-drive, state equation will be
augmented by additional state variable. The above-mentioned
state equation has the following form:

dx(r)
dt

= Ax(t) +Bu(t) + Fr(z), (7
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with:
B, K
xt)=|06@0) |, A= 1 ool B=|o |
€o 0 0

u() = igres (1), FT =10 0 1], r(1)=0es(r),

where: 6(r) — angular position of the motor shaft, B,, — viscous
friction, J,, — moment of inertia, K; — torque constant, ,.¢(t) —
reference position, iy .f(t) — reference value of g-axis compo-
nent. It is worth noting that the last state variable eg(¢) from (7)
conforms to the integral of angular position error:

olt) = [ [6(2) ~ ;0] d. ®)
0

This assures steady-state error-free operation of servo-drive for
step changes of 6,.¢(r) and load torque, respectively.

For state feedback controller designed to control mechani-
cal state variables of the servo-drive (i.e. @(t), 0(¢), eg(t)), the
following control law will be obtained for the state equation (7):

u(t) = —Kx(1), ©)

where: K = [ ki ky k3 } — gain matrix of considered con-
troller.

As it was mentioned earlier, the load torque has not been
considered during designing of SFC. However, its impact on
the control performance may be limited if a feedforward path
is introduced. In such a case, modified control law takes the
following form:

u(t) = —Kx(t) —kpd(t), (10)
where: ky — the feedforward coefficient, d = T, — estimated
value of the load torque. In order to obtain the value of the ky,
a residual model (i.e. constructed for deviations from steady
state) of the control system should be developed [26,27]. For a
control system described by the state equation (7) and the con-
trol law (9) the residual model is as follows:

k= [ K, | }G‘IE (11)

with:
Ki=|k k], G=]A B,
! Bw K
E= In |, A= I , By=|Im
0 10 0

Block diagram of the proposed state feedback position con-
troller with feedforward path described by the control law (10)
is illustrated in Fig. 3.
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Fig. 3. Block diagram of state feedback position controller with
feedforward path and MPAC

From the block diagram shown in Fig. 3 one can see that two
additional parts not considered in the control law (10) have
been included. Firstly, model predictive approach to constraints
(MPAC) introduction was added. It is responsible for imposing
constraints on internal state variable (i.e. @) as well as on the
output variable (i.e. iy . r) of considered control system. In this
concept a discrete predictive formula based on the mechani-
cal equation of the PMSM is utilized to keep selected varia-
bles in a desired ranges. Detailed information about MPAC can
be found in [14, 19]. The task related to imposing constraints
into cascade-free motion control system may also be done us-
ing barrier Lyapunov functions approach [28] and nonlinear
state transformation method [29]. Secondly, after the introduc-
tion of MPAC, designed control system operates with limited
control signal. Since an integral path is present in SFC, the
above-mentioned limitation may cause a windup phenomenon.
To overcome this, an anti-windup path based on the tracking
back calculation approach has been adopted [24]. Finally, ac-
tual value of the load torque is required in a controller shown in
Fig. 3. It is utilized in a feedforward path as well as in MPAC.
Since the load torque is treated as nonmeasurable disturbance,
it was decided to implement the load torque observer based on
a typical Luenberger structure. Information related to designing
and tuning procedures of such an observer can be found in [30].

As it was previously mentioned, the selection process of SFC
coefficients is not trivial. Since the considered procedure re-
quires expert knowledge usually supported by many time con-
suming attempts, it can be supported by optimization algorithm.
In this particular case it was decided to utilize nature-inspired
optimization method due to its advantages depicted in the next
section.

3. Tuning of state feedback controller

Recently, nature-inspired swarm-based optimization algorithms
are increasingly applied to tuning of complex controllers in
a motion control field [17-20, 25]. In the case of state feed-
back controller, similarly to manual tuning, automatic selection
can be done using direct selection, pole placement or linear-
quadratic optimization. Due to this it was decided to investigate
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the efficiency of tuning process for the above-mentioned tuning
methods.

Among all swarm based optimization schemes, the artificial
bee colony optimization algorithm was selected because of su-
perior convergence and possibility of incorporating parameter-
free constraints handling method. The last advantage is substan-
tial in this particular case since tuned controller is responsible
for safe and proper operation of the servo-drive. A very good
convergence of ABC is related to the more complex search-
ing process in comparison to the most popular optimization
schemes (e.g. PSO). In ABC the colony is divided into three
groups responsible for: global, local and random searching in
the solution space. It is worth pointing out that information
about the quality of solution is shared between global and local
searching (i.e. employed bees inform onlookers about the fit-
ness of explored food source). At this stage constraints handling
method (e.g. Deb’s rule, augmented Lagrangian [31]) is applied
to favour the solution that does not exceed the specified limits.
In the case of the servo-drive with considered control structure,
safe operation requires limitation of the angular velocity and
the reference current in g-axis, respectively. Flowchart of ABC
optimization algorithm is shown in Fig. 4.

INITIALIZATION

EMPLOYED
BEES PHASE

l information sharing

ONLOOKER
BEES PHASE

v

SCOUT
BEES PHASE

Fig. 4. Flowchart of ABC optimization algorithm

During initialization phase, random generation of optimized
parameters is made. Next, in employed bees phase global
searching process is realized. Temporary results of optimization
are shared with onlooker bees phase to increase the number of
bees that explore the solution space in the neighbourhood of the
best solution. Finally, the scout bees phase is used for random
searching. It runs if the employed bee cannot improve the qual-
ity of the solution in several attempts. The optimization scheme
operates while the stop criteria is not full filled. In this particular
case, the maximum number of iterations defines stop criteria.

The main parameters associated with ABC algorithm are:
NP — the number of artificial bee colony size, FN — the num-
ber of food sources, D — the number of optimized parameters,
MR modification ratio, limit as well as [b — the lower and ub
— the upper bounds of the search space. Typically, the number
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of food sources is equal to the half of the colony: FN = NP/2.
These values along with the modification ratio (typically equals
to 0.8) are responsible for convergence. The limit parameter de-
termines a number of attempts made by the employed bee dur-
ing local search. The lower and the upper bounds are used to
introduce constraints on the optimized parameters. This aspect
will be discussed in the later part of the paper.

Supported by optimization algorithm tuning of state feed-
back controller requires determination of the performance in-
dex. Since constraints handling method is implemented in
ABC, it is possible to construct a relatively simple, parameter-
free performance index to fulfill satisfactory dynamic proper-
ties of servo-drive in the case of step changes of the reference
position and the load torque as well as steady-state error-free
operation. A discrete form of a performance index applied is as
follows:

N
Iipe = Y |6ref(n) — 0(n)| Ty, (12)

n=0

where: Ty — the sampling period, N — the number of samples per
reference signal.

As it was previously said, automatic selection of SFC coeffi-
cients will be made by using: (i) direct selection, (ii) pole place-
ment and, (iii) linear-quadratic optimization. In the case of the
last approach, the ABC algorithm was applied to determine the
values of weighting matrices that minimize the following dis-
crete performance index:

=

Ior = Y [x"(n)Qx(n) +u*(n)R] (13)
n=0
with:
Q=diag([ a1 @ a5 ]). &, (14)

where: ¢;, R — coefficients of weighting matrices. Values of
above-mentioned weighting matrices have been selected by
ABC optimization algorithm and utilized in 1grd function
from Matlab Control System Toolbox (CST) to obtain SFC co-
efficients. Since it is necessary to bound solution space in ABC,
values of weighting matrices for considered approach were lim-
ited to the range (1 x 107%; 1 x 10°).

In the case of pole placement technique, the rank of a state
matrix in (7) determines the number of poles. Since control of
mechanical variables of servo-drive is considered, it is advis-
able to provide step response without overshoot. Due to this, it
was decided to decline complex poles and to limit the solution
space to the following range: (—30-+8; —1 x 1073). Since the
place command cannot locate poles with multiplicity greater
than rank(B), an additional coefficient 6 € {—0.1; 0; 0.1} was
introduced.

For direct selection of SFC’s coefficients, it was decided to
bound the range of potential solutions to the following set:
ki € (1 x1072; 1 x 10?). It should be noted that bounds for all
considered approaches were set relatively wide to ensure free
selection of optimized parameters. Moreover, a possibility of
obtaining similar SFC’s coefficients for all methods was also
taken into account.
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4. Numerical analysis and real-world
experiments

4.1. Tuning of SFC. The ABC based selection of SFC’s co-
efficients has been made for three methods. Constrained opti-
mization algorithm described in a former section has been ap-
plied for selection of: (i) weighting matrices for linear-quadratic
optimization, (ii) pole placement and, (iii) gain coefficients of
controller. In all cases tuning procedure was made in Mat-
lab/Simulink environment. Selected parameters of investigated
PMSM servo-drive are listed in Table 1, while control parame-

ters of ABC are summarized in Table 2.

Table 1
Selected parameters of servo-drive
Parameter Symbol Unit Value
Rated angular velocity N rad/s 50
Rated current iy A 5
Moment of inertia I kg-m? 8.6x 1073
Viscous friction B N-m-s/rad 1.4x1072
Torque constant K; N-m/A 1.14
Switching frequency fs kHz 22
Table 2
Selected parameters of ABC
Parameter Symbol Value
Number of optimized parameters D 3v4
Colony size NP 20
Number of food sources FN NP2
Maximum number of cycles MCN 50
Control parameter limit FN x D
Scout production period SPP FN x D
Modification ratio MR 0.8

From Table 2 one can see that the colony size has a direct
impact on several parameters. As it was previously mentioned,
the modification ratio MR is responsible for convergence and its
value was selected according to information contained in [32].

During automatic selection of SFC’s coefficients the follo-
wing assumptions have been made: (i) minimization of (12),
limitation of |i| < 5A and |®| < 50 rad/s. It should be noted
that at this stage MPAC implemented on the output of the SFC
(see Fig. 3) remains inactive and constraints handling method
implemented in ABC is responsible for the safe operation of the
servo-drive.

Tuning was made for step change of the reference position
0.y = 27 rad at t = 0 s along with step change of the load
torque 7; = 3 N-m for ¢ € (0.3; 0.4) s. Three considered tu-
ning methods have been carried out in 10 independent runs to
investigate repeatability. The total time needed to accomplish
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single run (i.e. 50 iterations) is approx. 20 minutes and it is
mainly consumed by the simulation of control system in Mat-
lab/Simulink. Final values of the performance index I4pc (12)
obtained for the considered approaches are shown in Fig. 5.

01 =R apite | odiewr
g : N -
g
~ 0.05}
0 S

Fig. 5. Performance index (12) obtained after 10 runs

From Fig. 5 one can see that the lowest values of the per-
formance index were obtained for linear-quadratic optimization
method. In the case of the pole placement technique only half
of the solutions meet requirements related to keeping the g-axis
current and the angular velocity in desired ranges. Those that
do not keep selected variables below limits were marked with
the asterisk in Fig. 5 and will be omitted in experimental tests.
Finally, results obtained for direct tuning of SFC assure proper
limitation of the g-axis current and the angular velocity, how-
ever, values of Ipc are higher in comparison to LQR.

SFC’s coefficients obtained in each tuning process are shown
in Fig. 6. It is observed that the lowest values of considered
coefficients are obtained for LQR technique. Moreover, devia-
tion of coefficients calculated for 10 runs is also smallest for
the considered approach. Since linear-quadratic approach uti-
lizes optimization during the selection of weighting matrices,
its application to tuning procedure ensures better performance
indexes in comparison to pole placement technique and direct
selection. Values of unbiased standard deviation are listed in
Table 3.

Table 3
An unbiased standard deviation of SFC coefficients
Coefficient LQR place* direct
ki 0.0038 0.0135 0.1339
ky 0.1398 0.4557 2.3079
k3 1.2045 3.3403 17.2994

From the obtained results it may the concluded that applica-
tion of LQR in ABC based tuning procedure provides the most
repeatable results. Regardless of tuning method, k3 coefficient
reaches the highest values, which is typical in control systems
with SFC [19,20].

In the next stage of studies, SFCs with the smallest per-
formance indexes obtained for three considered approaches
have been investigated. The evolution of the performance in-
dex recorded for the best run from each 10 attempts is shown
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Fig. 6. Coefficients of SFC obtained after 10 runs

at the top of Fig. 8. For LQR and direct selection of coeffi-
cients the performance index reaches a steady-state after 25-th
iteration. In the case of pole placement approach, the perfor-
mance index remains constant during optimization process ob-
served for the best run. For the comparison purposes evolution
of the second best performance index has also been presented.
Its value changes slightly after 17-th iteration. Evolution of the
servo-drive angular position is presented at the bottom of Fig. 8.
Since initial coefficients are randomly selected, quite different
responses of the servo-drive for the first iteration are obtained,
however, after 20 iterations a good position tracking as well as
satisfactory load torque compensation has been achieved. The
final values of the performance index as well as of SFC coef-
ficients are summarized in Table 4. It should be noted that the

Table 4
Final values of I4pc and SFC coefficients

LQR place* direct
IABC best 0.0651 0.0898 0.0881
k1 pest 0.2758 0.4805 0.6815
k2 pest 5.4998 10.4841 11.6979
k3 pest 43.8481 73.0032 88.029
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Fig. 8. Evolution of performance index (top) and angular position (bottom) during tuning

lowest value of Iypc was obtained for LQR regardless of the see good dynamical properties of servo-drive electrical part as
lowest coefficients of the controller. It is caused by additional ~ well as proper operation with zero d-axis current.

optimization applied for the selection of weighting matrices.
Finally, it should be noted that the value of feedforward coeffi-
cient is independent on the SFC and it is equal to ky = —0.8736.

id ir/ [A]

4.2. Experimental responses. The performance of SFC with
coefficients selected using ABC for three above mentioned
methods has been investigated on a modern prototype PMSM
servo-drive with SiC MOSFETSs power semiconductors. De-
signed control algorithm was implemented in ST32F4 micro-
controller. Since modern power stage and control device has
been used, it was possible to set a relatively high sampling and
switching frequencies f; = 22 kHz. The laboratory stand con-
sists of investigated servo-drive, the load drive and an additional
moment of inertia. The load motor is controlled by commercial
drive and it is used to impose load torque of the main servo-

u, u, [p-u.]

drive shaft. More detailed information related to the prototype Fig. 9. Experimental responses of the current control loop
servo-drive can be found in [33] while the photo of laboratory
stand is shown in Fig. 7. Next, SFC responsible for control of servo-drive mechanical

variables was investigated and responses to step changes of an-
gular position are presented in Fig. 10. It can be seen that the
best dynamic properties are obtained for the controller based on
linear-quadratic optimization. In the case of direct selection of
SFC’s coefficients an overshoot of angular position is observed.
Since only negative real values of poles may be chosen by ABC
optimization algorithm during tuning, an overshoot of the angu-
lar position is not observed in this approach. Proper limitation
of the g-axis current proves the ability of constrained ABC op-
timization algorithm to tuning of servo-drive controller. How-

Firstly, the current control loop has been investigated and g-  ever, as it was indicated earlier, only half of solutions obtained
axis current step responses recorded for the angular velocity — for the pole placement technique meet requirements related to
equal to zero are shown in Fig. 9. Since a relatively high switch-  keeping selected variables in admissible ranges. To solve this
ing frequency is used, it was possible to obtain a rise time of  issue a wider area for poles location should be defined or com-
g-axis current at the level of 7,; = 0.5 ms. From Fig. 9 one can  plex poles should be permitted.

Fig. 7. Photo of laboratory stand
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Fig. 11. Experimental responses of PMSM servo-drive to step changes of load torque

Since the load torque compensation is an important feature  sation is obtained regardless of method applied for tuning. As it
of servo-drive, it was also examined and obtained results are ~ was mentioned earlier, feedforwad coefficient remains constant
shown in Fig. 11. It can be seen that good load torque compen- in all cases. Due to this the quality of compensation depends on
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Fig. 12. Experimental responses of PMSM servo-drive to step changes of load torque

automatically selected SFC coefficients. The best load torque
compensation is observed for directly selected coefficients of
SFC, which is related to the highest value of k3 in comparison
to other methods (i.e. LQR and pole placement). On the other
hand, lower values of SFC’s coefficients are desirable due to
implementation in VSI where reinforcement of unwanted har-
monics in voltages and currents may decrease the overall per-
formance of servo-drive. It should be noted that the impact of
load torque step changes on position error during tuning is neg-
ligible since a much higher value of the position error is caused
by the step change of the reference position (see a bottom row
in Fig. 8). In order to achieve a better load torque compensation
a more complex performance index (e.g. with weighted compo-
nents) should be introduced [17].

4.3. Robustness. Finally, robustness of designed SFC against
moment of inertia changes has been investigated. It is worth
noting that tuning of controller was made for nominal value
of J,, while simulation studies were accomplished for J;, €
[0.5 X J3 2 X Jy]. From the obtained results shown in Fig. 12
one may conclude that the best robustness against moment of
inertia changes has been obtained for SFC with directly selected
coefficients. In the case of LQR approach, an overshoot of the
step response increases and the load torque compensation de-
creases for the higher value of J,,,.

As robustness indicator, the performance index I4pc (12) has
been used and its value obtained for three analysed tuning meth-
ods regarding moment of inertia changes is shown in Fig. 13a
for step changes of the reference position and in Fig. 13b for
step changes of the load torque. From the obtained results it
can be concluded that SFCs with coefficients selected directly
and with pole placement technique are the most robust against
moment of inertia variations. A much worse tolerance against
considered changes has been achieved for linear-quadratic op-
timization. The reason is related to the impact of the integration
path and the value of k3 coefficient.
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5. Conclusions

This paper presents the efficiency analysis of tuning applied
for state feedback controller coefficients. Designed controller
has been employed to control mechanical variables in modern
PMSM servo-drive. As a result the following conclusions can
be drawn:

e Thanks to ABC based tuning, state feedback controller
equipped with constraints handling method may be used in
motion control applications.

e Since computational complexity of proposed control
scheme is relatively low, constrained SFC along with a
classical PI current control loop and Luenberger observer
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may be implemented in a modern SiC based VSI with high
switching frequency to assure efficient and quiet operation
of servo-drive.

e The most repeatable results, the lowest value of perfor-
mance index and the best dynamical behaviour for step
response are obtained for linear-quadratic optimization
method.

e The load torque compensation and robustness decreases if

controller coefficients are lower.
On the basis of conducted studies our recommendation is to

use the linear-quadratic optimization method in tuning proce-
dure if no-load or constant-load operation of the servo-drive
with well-known parameters is planned. To achieve good dis-
turbance compensation, also for parameters mismatch, a direct
selection of controller coefficients is recommended if relatively
high values of controller coefficients are acceptable. Finally, it
is worth noting that only half of the results obtained for pole
placement technique meets requirements related to limitation
of the g-axis current. To solve this issue a wider area for poles
location should be defined.
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