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Abstract—This paper presents a linear direct-quadrature cur-
rent control strategy for voltage source converters (VSCs) in a
rotating reference frame (RRF). The described method is based
on multivariable-proportional-integral (PI) regulators and pro-
vides fast dynamics and a zero steady-state error. Contrary to
the well-known conventional PI-based control strategies in RRFs,
the presented method provides practically decoupled axes with a
superior disturbance rejection capability. Moreover, its implemen-
tation is relatively simple and does not impose excessive structural
complexity compared to its conventional PI-based competitors.
The method is applicable to both single- and three-phase systems
and also to anisotropic three-phase systems, e.g., synchronous
motors with different direct and quadrature impedances driven by
VSCs. Implementing a three-phase test system, the performance of
the presented method is experimentally evaluated.

Index Terms—Current control, multivariable-proportional—
integral (PI) controllers, stationary and rotating reference frames,
vector control, voltage source converters (VSCs).

I. INTRODUCTION

OWER inverters with regulated input currents are widely

utilized in many grid-tied applications, e.g., distributed
power generation with renewable energy resources such as
photovoltaic energy [2], [3] and wind energy [4], HVdc applica-
tions [5], active power filters [6]-[8], power factor controllers
[9], [10], etc. Recently, the high depth of penetration of dis-
tributed energy resources has also intensified the demand for
such inverters. In most of such applications, a voltage source
converter (VSC) is interfaced to the utility grid through a line
reactor filter, and a current regulation scheme is adopted by the
VSC to control its input current while the dc link voltage is
regulated by a relatively slower control loop compared to that
of the current [11].

Over the years, considerable research has been conducted on
the current regulation of VSCs, and various approaches have
been proposed [12]-[23]. Generally, these approaches can be
categorized into two major classes: 1) linear and 2) nonlinear
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controllers [12]. Nonlinear approaches [13], [14] normally im-
pose structural complexity but do not offer impressive and supe-
rior performance compared to that of linear schemes. However,
the structural simplicity and fully digital implementability of
linear control strategies, specifically stationary reference frame
(SRF)- and rotating reference frame (RRF)-based controllers,
have made them so popular. Among the SRF controllers, the
simple and linear proportional—integral (PI) controllers are
considered as the most conventional approach. However, due
to their well-known drawbacks, e.g., a nonzero steady-state er-
ror, other approaches such as SRF-based proportional-resonant
(PR) [16]-[18] controllers have been proposed, which track
ac references in the stationary frame with a zero steady-state
error. The PR approach is based on providing an infinite gain
at the target frequency for eliminating the steady-state error at
that frequency, which is virtually similar to the infinite gain of
a PI controller at dc. Although the PR approach is relatively
simple and easy to implement for both single- and three-phase
applications, however, it suffers from several drawbacks, e.g.,
sensitivity to grid frequency variations, exponentially decaying
transients during step changes, and being pushed toward insta-
bility margins even by a small phase shift introduced by the
adopted current sensors [16].

Among the RRF controllers, the PI regulators are the most
well-known and easy-to-implement approaches which provide
a satisfactory performance, i.e., fast dynamics and a zero
steady-state error. The Pl-based current regulation approach
is originally proposed in [15] and is extensively studied and
adopted for the current control of both single- and three-
phase systems in various applications [2], [3], [5], [9]-[12],
[15], [24]-[32]. In an RREF, usually referred to as a dg frame,
ac (time varying) quantities appear as direct and quadrature
(d and q) dc (time invariant) quantities allowing the controller to
be designed as dc—dc converters presenting an infinite control
gain at the steady-state operating point for a zero steady-state
error. In the proposed control strategy of [15], two distinct
current axes, i.e., d and ¢ axes, are identified, which are aimed
to be independently regulated. However, due to the structure
of the PI-based controller, the d and ¢ axes are not fully
decoupled, and each axis acts as a disturbance for the other one.
Since PI controllers inherently have poor disturbance rejection
capabilities, step changes in one axis generate transients in the
other one, which might last even several cycles and leads to
power quality and performance degradation.
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Fig. 1. One-line diagram of the three-phase test system.

The extensive range of applications of Pl-based current
regulation strategies provides strong incentives to explore al-
ternative current regulation schemes with similar structural
simplicity and dynamics responses that can overcome the afore-
mentioned shortcoming. This paper presents a PI-based current
regulation scheme for VSCs, i.e., a multivariable-PI controller,
in which the d and ¢ axes are almost fully decoupled such
that the step changes in one axis negligibly affect the other
one [1]. Similar to the conventional PI-based approaches, the
presented method has the following characteristics: 1) provides
a satisfactory performance, e.g., fast dynamics and a zero
steady-state error, and 2) is structurally simple. In this paper,
the system modeling and design procedure corresponding to
the multivariable-PI control strategy are presented, and its per-
formance is experimentally evaluated for three-phase systems.
Moreover, its performance is compared to that of the con-
ventional current regulation approach. Note that the purposes
of the presented paper are as follows: 1) implementing the
control strategy proposed by Prof. H. Biihler in [1] in real time;
2) comparing it with another well-known strategy; and 3) dif-
fusing the knowledge within the English speaking community.

The rest of this paper is organized as follows. Section II
describes the utilized test systems and provides a mathematical
model for the adopted three-phase system. Section III briefly
reviews the conventional PI-based current regulation scheme.
Section IV describes the multivariable-PI current control strat-
egy. Section V experimentally evaluates the performance of the
method and compares it with that of the conventional approach,
and Section VI concludes this paper.

II. SYSTEM DESCRIPTION AND MODELING

To evaluate the performance of the multivariable-PI control
strategy, a three-phase test system is adopted. Fig. 1 shows
a one-line schematic diagram of the adopted test system in
which a VSC-based power conversion system is connected
to the utility grid through a series line reactor filter and a
coupling transformer. The filter is represented by inductance
L; and its associated internal resistance R; for each phase.
The inductance also accounts for the leakage inductance of
the interface transformer between the grid and the filter. The
parameters of the adopted three-phase test system are given in
Table I.
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TABLE 1
PARAMETERS OF THE THREE-PHASE TEST SYSTEM
\ Quantity \ Value | Comment |
L 5 mH (0.125 pu) Inductance of VSC Filter
R, 0.15 Q (0.012 pu) Resistance of VSC Filter
VSC rated power 0.8 kW (1 pu) Spase = 0.8 kKVA
Ve 300 V DC Bus Voltage
Vs 230 V (rms)(1pu) |Ph-G Grid Nominal Voltage
nn 4:1 Transformer Ratio
fow 10 kHz PWM Carrier Frequency
fs 5 kHz Sampling Frequency
b 50 Hz System Nominal Frequency
w 314.15 rad/s Nominal Angular Frequency

A. Mathematical Model

In this section, the mathematical model of the three-phase
system in Fig. 1 is described, and a structural diagram of that
is derived, which is adopted for the design of the controllers in
the following sections.

Based on the system in Fig. 1, the dynamics of the VSC ac-
side variables can be described in an abc frame as follows:

dit,abc
dt

Vt,abc = Rtit,abc + Ly + Vabe (1)

in which vy a1, and vap, are the VSC terminal voltages and the
grid voltages, respectively, L; and R; are the parameters of the
line reactor filter, and 4; a1, is the line current. Transforming
(1) from the abc frame to a stationary a,30 frame, the following
equation is obtained:

dit,ozﬁO

Vi,a80 = Rittapo + Lt 7

+ Vago- 2)

Neglecting the zero-sequence terms, the dynamics of the VSC
ac-side variables in an SRF (a3 frame) is derived. Since the «
and 3 components are orthogonal, all variables in an o3 space
can be treated as complex numbers, i.e., To3 = To + j23.
Adopting (2) and applying an af3-to-dg-frame transformation
Taq = Tape 7@, the dynamics of the VSC ac-side variables in
an RRF (dq frame) is derived

dig qq
dt

Vi,dg = Ritr.aq + Lt + jwLiis qq + Vg 3

Separating the real and imaginary terms, the dynamics of the d
and ¢ axes are deduced

. di .

Ryiy g+ Ltditt’d =¢,q +whliis g — vg 4
. di .

RtZtﬂ + Ltﬁ =Vt,q — LULtZt,d — Vq- (5)

Based on (4) and (5), the structural diagram of the system in the
rotating frame is obtained, as shown in Fig. 2, which contains
the typical coupling terms.

Note that, in the conducted study of this paper, the dc-side
dynamics are neglected, and it is assumed that the dc link
voltage is fixed at a desired level by an ideal voltage source.
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Fig. 2. Structural diagram of the test system in the RRE.

III. CONVENTIONAL dq CURRENT CONTROLLER

The conventional dq current control strategy is well known
and widely studied in the literature [12], [15], [24]-[32].
In the following paragraphs, adopting the derived model in
Section II-A, this approach is briefly reviewed.

Adopting (4) and (5), in order to achieve decoupled control
of g and 44, the inverter voltage should be controlled as
follows [15]:

Vi,d = Ue,d — Liwiy g + g (6)
Vi,g = Ue,q + Lewiy g + 04 (7
in which u. 4 and u. , are control signals of the d and ¢ axes
in the RRF, respectively. Substituting v; 4 and v, , from (6)

and (7), respectively, in (3), the following decoupled system is
deduced:

Ue,d \ _ diy,q/dt R, 0 it.d
(u07Q> _Lt(dityq/dt)+< 0 Rt) (it,q)' ®

Therefore, the transfer function of the decoupled system can be
derived as
K

Gs(s) = T4 T 9

in which the time constant Ty, = L;/R; and K = 1/R;.

Note that, since 7 4 and 7; 4 respond to . 4 and u.. , through
a simple first-order transfer function, the control rules of (6) and
(7) are completed by defining feedback loops and using simple
first-order PI controllers [15]. Based on (6) and (7), the struc-
tural diagram of the current regulator based on PI controllers
is depicted in Fig. 3 in which the voltage feedforwards and the
coupling terms are shown.

The corresponding control loop is depicted in Fig. 4 in
which the controller is represented by Gg(s). To model more
precisely the behavior of the converter, the closed-loop system
is accompanied by an equivalent transfer function Gpg rep-
resenting the behavior of the pulsewidth modulation (PWM)
generator of the converter, together with the additional time
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Fig. 4. Control loop for the current space phasor.

delay caused by the sampling and measurements, as defined in
[1]. An equivalent sum of these delays is approximated by

Kcm

— _tem 10

GoE(s)

which is a first-order element in an SRF. Note that the adopted
transfer function corresponds to a pseudocontinuous represen-
tation of real phenomena considering the mean values of the
electrical quantities. Therefore, the equivalent transfer function
of G} in the RRF can be written as

Kcm

Gpu(s) = TGt Tn

(In

The obtained transfer function shows a coupling term, i.e.,
jw, that must be evaluated in the magnitude of its effect.
Since the switching frequency of the converter is considerably
higher than the fundamental frequency and 7},g is considerably
smaller than other time constants in the system, the coupling
term jwT,E can be neglected. Note that such a neglect results in
ignoring the coupling between the two axes; however, due to its
negligible magnitude, it does not have a major effect. Therefore

Kcm

= ——: 12
1+STpE ( )

Gpr(s)

Then, the controller is designed based on the open-loop transfer
function Go(s), as shown in Fig. 4, which is represented by
Go(s) = Gr(s)Gpr(s)Gs(s). (13)

Substituting Gs(s) and Gpg(s) from (9) and (12), respec-
tively, in (13), the open-loop transfer function of the system is
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derived as

Kcm KS
14 5Tk 14 8T,

Go(s) = Gro(s) (14)

A conventional PI controller is then adopted as Gg (s) in order
to achieve the prespecified dynamics. Therefore

14T,

Gr(s) sT;

5)

The controller time constant 73, is chosen to be equal to the
dominant time constant 7, which results in the simplification
of (14), i.e.,

K

Go(s) = 81—1(1 +7STPE) .

(16)

Using the simplified transfer function in (16), the remaining
parameter to design is the integration time constant 7} that
can be determined by the usual criteria on the phase margin.
Usually, 7T; is chosen as T} = 2KT,g. This value corresponds to
a classical case where the zero-crossing pulsation of the open-
loop transfer function wy is equal to 0.5(1/7pg) [1].

It should be noted that, according to (8), adopting the feedfor-
ward signals theoretically results in a fully decoupled system.
This perfect decoupling can be achieved only if the feedforward
signals can precisely cancel the effect of the coupling terms,
ie., wlyig and wLi,. However, in a real system, due to
measurement errors, it is not practically possible to precisely
determine the value of 444, L;, and w, and therefore, the
ideal coupling term cancellation is impossible. Moreover, the
system delays caused by the sampling and/or the PWM block
also eventuate imperfect cancellation. Therefore, in a practical
case, adopting the conventional control strategy cannot fully
decouple the axes.

IV. MULTIVARIABLE-PI dg CURRENT CONTROLLER

In this section, based on the derived model in Section II-A,
the multivariable-PI current controller is described, and its
structural diagram is provided. Moreover, the applicability of
the method to anisotropic three-phase systems is investigated,
and it is shown that the method is capable of regulating cur-
rents in anisotropic systems such as synchronous motors with
dissimilar impedances in the d and q axes [1].

Contrary to the conventional approach, which relies on
the feedforward signals to eliminate the coupling, the
multivariable-PI controller adopts plant inversion techniques to
design a decoupled control system. Adopting the diagram in
Fig. 2 or, equivalently, its dynamic representation in (3), the
transfer function of the system is derived. Applying a Laplace
transformation to (3), the following equation is derived:

Vi(s) = Ry (s) + LisIi(s) + jwLi I (s) + V(s).  (17)
Since the grid voltage is fixed and imposed by the utility grid,
one can add it to the output of the controller as a feedforward
signal to cancel its effect. Therefore, subtracting V'(s) from
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both sides of (17), the transfer function of the system from
Vi; — V to I, is obtained as

K,

&) = TGt o

(18)
in which the time constant T is equal to L;/R; and K, =
1/R;, where the coupling between the d and ¢ axes is rep-
resented by the term jwT. Substituting Gs and Gpg from
(18) and (12), respectively, in (13), the open-loop transfer
function of the system utilizing the multivariable-PI controller
is deduced

KCH] KS
1+ sTpr 1+ (s + jw)Ts

Go(s) = Gr(s) 19)
In order to achieve a normal polynomial without complex
factors, Gr(s) is selected as a so-called multivariable-PI con-
troller as follows:

1+ (s+ jw)Ty

Gr(s) = sT;

(20)
The controller time constant 7}, is chosen to be equal to the
dominant time constant of the system transfer function 7
allowing the simplification of (19), leading to

K

Gols) = AT o)

2y
in which K is K., K. The open-loop transfer function in (21)
is now a normal polynomial form without complex factors,
which means that the system is decoupled. The remaining
parameter to design is the integration time constant 73, which
can be determined by a usual criterion on the phase margin as
follows:

T, = 2K Tp. (22)

A. Structural Diagram of Multivariable-PI Controller

The multivariable-PI controller defined in (20) has a complex
transfer function. Separating the real and imaginary parts, the
controller can be written as

) 1+ 8T, Wy . ..
YR,d+ JYR,q = (STI I5T > (ic,d + Jicq). (23)
Therefore
1 + STn . WTn .
YR,d = ST, le.d — ?Tile,q (24)
1+ 8T, . wTy

YR,q = ST, e+ TTiie,d- (25)
Equations (24) and (25) represent the control signals in both
the d and ¢ axes, which include the cross coupling terms.
However, contrary to the conventional dq current controller in
Section III, the coupling terms include integrators, which sig-
nificantly reduce the effect of the axes on each other and results
in practically decoupled axes. The structural diagram of the
multivariable-PI controller is shown in Fig. 5. The feedforward
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Fig. 5. Structural diagram of multivariable-PI controller with voltage
feedforward.

signals adopted for rejecting the disturbances caused by the
utility grid are also depicted in Fig. 5.

It should be noted that, since the multivariable-PI method
does not rely on the feedforward signals, the system parameter
uncertainties cannot significantly degrade its performance. A
comparison between the multivariable-PI method and the con-
ventional one in terms of immunity to the system parameter
uncertainties is conducted and presented in Section V.

B. Multivariable-PI Controller for Anisotropic Systems

Applying the abc-to-dq transformation to anisotropic sys-
tems, the d- and g-axis parameters may differ. This is also the
case for anisotropic synchronous motors in which the stator
and rotor impedances, i.e., x4 and x4, are different. If the
information on the anisotropic system parameters is available,
the multivariable-PI control strategy can be modified such that
the effect of the imbalance is taken into account [1]. In the
following paragraphs, adopting the test system in Fig. 6, which
includes a synchronous motor and its driver, the structure of the
multivariable-PI controller for anisotropic systems is detailed.

The dynamics of the test system in Fig. 6 can be expressed
by [33], [34]

di

xd% = —wRig + nwrgiy + wug (26)
di

mq% = —wRiy — nwxgiq + wug — up) (27)

in which z4 and x, represent the direct and quadrature im-
pedances, which are assumed to be different. The stator currents
and voltages are represented by ¢4, and ug4q, respectively, in
the RRFE. Moreover, R stands for the stator resistance, n is
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the speed of the rotor, and u,, is the induced voltage given by
up = ni, in which 7, is the excitation current. Note that, in the
following paragraphs, contrary to Section III, a matrix analysis
is adopted. The reason is that, due to different parameters of
the d and ¢ axes, it is not possible to utilize complex transfer
functions. However, although the complex transfer function
analysis is more straightforward, one can still use the matrix
analysis for the isotropic case as well. It should be noted that
the adopted bold letters represent the multiple-input—multiple-
output transfer functions, and the italic-bold letters represent
the system parameter matrices.

Adopting (26) and (27), the following matrix representation
of the system is derived:

dig/dt\ (ia ug
(o) =4 () +2(,2)
in which
[ —wR/xq nwxy/xq
A= <—nwxd/xq —w]%/xq) 29
_(wfzqg O
B—< 0 w/xq>' (30)

Applying the Laplace transform to (28), the following equation
is deduced:

o= A(0) =2 o)

Adopting (31), the system transfer function can be written as

3D

Gs(s) = (sI — A)'B. (32)

In order to eliminate the stationary error in the closed loop, the
open-loop transfer function needs to have an integral behavior.
Therefore

_ YR

Gs(5)Gr(s) = 71 (33)
or equivalently
1/R
Gr(s) = S/Ti G.'(s). (34)

Substituting G¢(s) from (32) in (34), the following equation is
resulted:

_ R

1 .
sTiB (sI —A).

Gr(s) (35)

Adopting matrices A and B as defined in (29) and (30),
respectively, Ggr(s) is derived as the following matrix:

—nx
Gr(s) = sT; ( m’—i-qR)'

Introducing the time constants Tyq = x4/wR  and
Tsq = zq/wR, the multivariable-PI controller takes the

_ YR (4R

nrq

(36)
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Fig. 6. Schematic diagram of a synchronous motor with different direct and quadrature impedances driven by a VSC.

following form:

1+5Tsq _nWqu
— sTy sT;
Gr(s) = T Lo, 37
n=r ST

Since there is no imaginary term in the elements of Ggr(s),
the direct and transversal components of the multivariable
controller are the elements of the derived matrix in (37). In the
direct branches, there are standard PI controllers with differ-
ent time constants for each axis. Moreover, in the transversal
branches, there are integral controllers, again with different
time constants for each axis. Using this multivariable-PI con-
troller, two decoupled systems for the direct and quadrature
axes are achieved. The structural diagram of the controller is
depicted in Fig. 7.

V. PERFORMANCE EVALUATION

The purpose of this section is to experimentally evaluate
the performance of the multivariable-PI controller and also to
compare it with that of the conventional dg current control
strategy. The presented test results show that the multivariable-
PI controller has the following characteristics: 1) is capable of
tracking the reference signals with a zero steady-state error;
2) has fast dynamics; 3) contrary to the conventional approach,
provides practically decoupled d and ¢ current axes; and
4) is much less susceptible to the system parameter uncer-
tainties compared to the conventional controller. Note that,
in the following tests, the multivariable-PI and conventional
controllers are designed based on similar design criteria, e.g.,
phase and gain margins.

To evaluate the performance of the controllers, two sets of
tests are conducted for each control strategy: 1) step-down and

lrej;d

lreﬁq

Fig. 7.
systems.

Structural diagram of multivariable-PI controller for anisotropic

step-up in the d-axis reference value while that of the g-axis
is kept constant and 2) step-down and step-up in the g-axis
reference value while that of the d-axis is kept constant.
Moreover, to evaluate the sensitivity of the conventional and
multivariable-PI controllers to the system parameter uncertain-
ties, a test similar to the aforementioned reference-tracking case
studies is conducted for each controller while the parameters of
the system, i.e., ?; and L., are deliberately mismeasured.
Adopting the test system in Fig. 1 and the corresponding
parameters in Table I, the three-phase experimental setup is
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Fig. 8. Experimental setup.

implemented. Fig. 8 shows a photograph of the setup. To imple-
ment the control strategies and signal processing algorithms, a
field-programmable gate array (FPGA)-based controller, which
provides a C programming environment, is used. The adopted
FPGA is an XC4010PC84 FPGA manufactured by XILINX.
The control and signal processing algorithms are first dis-
cretized using the bilinear method [35] and then developed
into C codes. It should be noted that, in order to achieve
perfect isolation between the power and control circuits, optic-
based gate drivers are adopted for driving insulated-gate bipolar
transistors (IGBTS).

A. Reference-Tracking Test in d-Axis

In this section, the performance of both current regulation
schemes is experimentally evaluated subsequent to two step
changes in the reference value of the d-axis. It is shown that,
using the conventional control strategy, subsequent to the step
changes in the d-axis, a nonnegligible transient is experienced
in the ¢ one, which verifies that the axes are not fully decoupled.
However, conducting a similar test for the multivariable-PI
controller, it is verified that, using the multivariable controller,
the axes are much less coupled.

1) Conventional Controller: The inverter in Fig. 1 initially
injects 0.4 p.u. of the g-component and —0.1 p.u. of the
d-component of the currents. At the time instant of 0.071 s,
the d-component steps up to —0.9 p.u., and at ¢ = 0.101 s,
it steps down to —0.1 p.u. while the reference value for the
g-component is kept constant during the whole process.
Fig. 9(a) depicts the point of common coupling (PCC) voltages,
which remain unchanged during and subsequent to the step
changes. However, upon each step change, the line currents and
their corresponding d-component change to track the reference
value changes in almost 1 ms with a zero steady-state error,
as shown in Fig. 9(b) and (c). Although the reference value
of the g-axis is constant, however, subsequent to each change
in the d-axis, the g-axis also experiences transients, which are
not negligible and last for almost 15 ms, as shown in Fig. 9(d).
The latter transients verify that the conventional current control
strategy suffers from coupled axes.
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Fig. 9. Experimental results of the transient response of the conventional
controller during step changes in d-axis. (a) PCC voltages. (b) Line currents.
(c) d-component of the currents. (d) g-components of the currents.

|(a) T

0.06 0.07 0.08 0.09 0.1 0.1 012 0.13
Time (sec)

Fig. 10. Experimental results of the transient response of multivariable-PI
controller during step changes in d-axis. (a) PCC voltages. (b) Line currents.
(c) d-component of the currents. (d) g-components of the currents.

2) Multivariable-PI Controller: The VSC adopted in the
test system in Fig. 1 initially injects 0.4 p.u. of the g-component
and —0.1 p.u. of the d-component of the currents. Keeping the
g-axis reference value constant, at the time instant of 0.071 s,
the reference value of the d-component steps up to —0.9 p.u.
Moreover, at t = 0.101 s, the d-axis reference value is set back
to —0.1 p.u. Fig. 10(a) shows the PCC voltages, which are
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i i ; l i
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Fig. 11.  Experimental results of the transient response of the conventional
controller during step changes in g-axis. (a) PCC voltages. (b) Line currents.
(c) d-component of the currents. (d) g-components of the currents.

regulated at the rated value by the grid and do not change.
Subsequent to each change in the d-axis reference value, the
controller regulates the currents at the desired level, as shown
in Fig. 10(b). Fig. 10(c) depicts that, subsequent to each step
change in the d-axis, the d-component of the currents is reg-
ulated at the desired level in almost 1 ms with a zero steady-
state error. However, contrary to the conventional controller,
subsequent to each step change in the d-axis, the g-component
of the currents experiences very short and negligible transients.
Comparing Figs. 9 and 10 verifies that the performance of the
multivariable-PI controller in terms of tracking the step changes
in the d-axis is comparable and similar to that of the conven-
tional controller. However, contrary to the conventional con-
troller, upon the step changes in the d-axis, the multivariable-PI
controller imposes much less transients on the g-axis.

B. Reference-Tracking Test in q-Axis

In this section, in order to verify the superior performance of
the multivariable-PI controller in terms of decoupling the axes
during the step changes in the g-axis, a similar test to that of the
previous section is carried out. However, the step changes are
imposed on the g-axis, and the capability of the controllers in
terms of decoupling the axes is evaluated and compared.

1) Conventional Controller: The inverter in Fig. 1 initially
injects —0.4 p.u. of the d-component and —0.1 p.u. of the
g-component of the current. At the time instant of 0.071 s,
the g-component steps up to —0.9 p.u., and at ¢ = 0.101 s,
it steps down to —0.1 p.u. while the reference value for the
d-component is kept constant during the whole process.
Fig. 11(a) depicts the PCC voltages, which are dictated by the
grid and regulated at the rated value during the test. However,
upon each step change, the g-component of the currents and,
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Fig. 12. Experimental results of the transient response of multivariable-PI
controller during step changes in g-axis. (a) PCC voltages. (b) Line currents.
(c) d-component of the currents. (d) g-components of the currents.

consequently, the abc currents change to track the reference
value changes in almost 1 ms with the zero steady-state error,
as shown in Fig. 11(b) and (c). Although the reference value
of the d-axis is constant, however, subsequent to each change
in the g-axis, the d-axis current undergoes transients, which are
not negligible and last for almost 15 ms, as shown in Fig. 11(d),
which verifies that the conventional current control strategy
suffers from coupled axes.

2) Multivariable-PI Controller: The VSC adopted in the
test system in Fig. 1 initially injects —0.4 p.u. of the d-
component and —0.1 p.u. of the g-component of the currents.
Keeping the d-axis reference value constant, at the time instant
of 0.071 s, the reference value of the g-component steps up to
—0.9 p.u. Moreover, at t = 0.101 s, the g-axis reference value
is set back to —0.1 p.u. Fig. 12(a) shows the PCC voltages,
which are kept constant at the rated value by the grid and do
not change. Subsequent to each change in the g-axis reference
value, the controller regulates the currents at the desired level,
as shown in Fig. 12(b). Fig. 12(c) depicts that, subsequent
to each step change in the g¢-axis, the g-component of the
currents is regulated at the desired level in almost 1 ms with a
zero steady-state error. However, contrary to the conventional
controller, subsequent to each step change in the g-axis, the
d-component of the currents experiences very short and neg-
ligible transients, as shown in Fig. 12(d).

Comparing Figs. 11 and 12, the performance of the
multivariable-PI controller in terms of tracking the step changes
in the g-axis is comparable to that of the conventional controller.
However, contrary to the conventional controller, upon the step
changes in the g-axis, the multivariable-PI controller provides
superior axis decoupling capability compared to the conven-
tional approach.
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Fig. 13. Experimental results of the transient response of the conventional
controller during step changes in d-axis while the parameters are mismea-
sured. (a) PCC voltages. (b) Line currents. (c) d-component of the currents.
(d) g-components of the currents.

C. Sensitivity to System Parameter Uncertainties

In this section, the sensitivities of the conventional and
multivariable-PI controllers to the system parameters, i.e., R,
and L, are evaluated. For each controller, a test similar to what
is conducted in Section V-A is carried out. According to Table I,
the real values of R; and L; are 0.15 2 and 5 mH, respectively.
However, to design the controllers, it is assumed that, due to
measurement errors, the estimated values of R; and L; are
0.3 Q and 2.5 mH, respectively.

1) Conventional Controller: The inverter in Fig. 1 initially
injects 0.4 p.u. of the g-component and —0.1 p.u. of the
d-component of the currents. At the time instant of 0.071 s,
the d-component steps up to —0.9 p.u., and at ¢ = 0.101 s,
it steps down to —0.1 p.u. while the reference value for the
g-component is kept constant during the whole process.
Fig. 13(a) depicts the PCC voltages, which are dictated by the
grid and regulated at the rated value during the test. However,
upon each step change, the d-component of the currents and,
consequently, the abc currents change to track the reference
value changes in almost 1 ms with a zero steady-state error, as
shown in Fig. 13(b) and (c). Although the reference value of the
g-axis is constant, however, subsequent to each change in the
g-axis, the d-axis undergoes relatively long transients, which
are not negligible and last more than one cycle, as shown in
Fig. 13(d), which verifies that the conventional current control
strategy is sensitive to the system parameter uncertainties. As
mentioned in Section III, the reason is that the conventional
controller relies on the feedforward signals to achieve a decou-
pled system, and therefore, nonideal feedforward signals result
in the imperfect cancellation of coupling terms and lead to more
severe axis coupling.
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Fig. 14. Experimental results of the transient response of multivariable-PI
controller during step changes in d-axis while the parameters are mismea-
sured. (a) PCC voltages. (b) Line currents. (c) d-component of the currents.
(d) g-components of the currents.

2) Multivariable-PI Controller: The VSC adopted in the
test system in Fig. 1 initially injects 0.4 p.u. of the g-component
and —0.1 p.u. of the d-component of the currents. Keeping the
q-axis reference value constant, at the time instant of 0.071 s,
the reference value of the d-component steps up to —0.9 p.u.
Moreover, at ¢t = 0.101 s, the d-axis reference value is set
back to —0.1 p.u. Fig. 14(a) shows the PCC voltages, which
are dictated by the grid. Subsequent to each change in the
d-axis reference value, the controller regulates the currents at
the desired level, as shown in Fig. 14(b). Fig. 14(c) depicts that,
subsequent to each step change in the d-axis, the d-component
of the currents is regulated at the desired level in almost
1 ms with a zero steady-state error. However, contrary to the
conventional controller, subsequent to each step change in the
g-axis, the g-component of the currents experiences very short
and negligible transients, as shown in Fig. 14(d).

Comparing Figs. 13 and 14 verifies that the multivariable-
PI controller is much less sensitive to the system parame-
ter uncertainties compared to the conventional approach. The
reason is that the conventional controller relies on the feed-
forward signals and system parameter measurements while
the multivariable-PI approach benefits from plant inversion to
regulate the currents.

VI. CONCLUSION

A multivariable-PI-based vector control strategy for the cur-
rent regulation of VSCs has been presented. Similar to the
conventional current control strategies, the multivariable-PI
method can independently regulate the direct and quadrature
components of the current at desired reference levels while it
does not impose excessive structural complexity compared to
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the conventional approaches and can be easily implemented in
digital environments. The performance of the multivariable-PI
method is experimentally evaluated and it is shown that the
method has the following characteristics:

1) can track the d and ¢ current reference signals with zero
steady-state errors;

2) is as fast as the conventional approach;

3) has superior axis decoupling capability compared to the
conventional approach;

4) is much less sensitive to the system parameter uncertain-
ties compared to the conventional approach.

Moreover, it has been shown that, contrary to the con-
ventional approach, which is only tailored for balanced sys-
tems, the multivariable-PI controller can be manipulated to be
adopted in anisotropic systems, e.g., in anisotropic synchronous
motors driven by VSCs.
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