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A Control Scheme for PWM Voltage-Source
Distributed-Generation Inverters for Fast
Load-Voltage Regulation and Effective Mitigation
of Unbalanced Voltage Disturbances
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Abstract—This paper presents a control scheme for grid-
connected pulsewidth-modulated voltage-source inverters (VSIs)
featuring fast load-voltage regulation and effective mitigation of
unbalanced voltage disturbances. To ensure perfect regulation of
the voltage at the point of common coupling (PCC) and provide
means for rejecting fast and dynamic voltage disturbances, the
frequency modes of the disturbances to be eliminated should be in-
cluded in the stable closed-loop system. Toward this, a hybrid volt-
age controller combining a linear with variable-structure control
element is proposed for an inverter-based distributed-generation
interface to regulate the voltage at the PCC. The proposed voltage
controller can embed a wide band of frequency modes through an
equivalent internal model. Subsequently, a wide range of voltage
perturbations, including capacitor-switching disturbances, can be
rejected. To account for unbalanced voltage disturbances, a dual-
sequence voltage controller is proposed. To provide accurate and
robust tracking of the generated active and reactive current tra-
jectories, a newly designed deadbeat current control algorithm is
proposed. The controller is designed under the practical consid-
erations of inherent plant delays, which are associated with the
digital implementation of the control algorithm, and the uncertain
nature of the current dynamics. Theoretical analysis and compara-
tive evaluation tests are presented to demonstrate the effectiveness
of the proposed control scheme.

Index Terms—Deadbeat current control, fast load-voltage reg-
ulation, grid-connected inverters, pulsewidth-modulated (PWM)
inverters.

I. INTRODUCTION

AST load-voltage regulation is a necessary requirement

in a power distribution system, particularly in feeders
serving voltage-sensitive loads. Severe and random voltage
disturbances might be initiated by time-varying loads, such as
arc furnaces [1]; nondispatchable generation, such as the fluc-
tuating output power of wind and photovoltaic generation [2],
[3]; voltage transients associated with parallel connected loads,
such as line-start induction motors [4]; and voltage transients
caused by capacitor switching [5]. These voltage disturbances
are stochastic in nature, with durations that vary from a fraction
of a cycle to a few cycles.
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Recently, controlled reactive power sources, such as dis-
tribution static synchronous compensators (DSTATCOMs)
[6], [7], active power filters (APFs) [8], and inverter-based
distributed generation (DG) [9], are proposed for load-voltage
regulation at the point of common coupling (PCC). In these ap-
plications, three-phase pulsewidth-modulated (PWM) current-
controlled voltage-source inverters (CC-VSIs) are commonly
used, whereas the control algorithm is realized using the axis
theory for balanced three-phase systems. In typical operation
of these custom power devices, a reactive reference current is
generated from a voltage controller to regulate the load bus volt-
age, and an internal current control loop is used to regulate the
output current. However, existing voltage regulation techniques
yield a relatively slow regulation performance. Typical voltage-
recovery times in the range of 0.005-0.06 s with voltage dips
of about 0.1-0.4 p.u. are reported [6]-[9]. With these figures,
the voltage regulation performance might not be fast enough
for voltage-sensitive loads. More importantly, existing voltage
regulation schemes cannot mitigate fast voltage disturbances in
the subcycle range, such as capacitor switching transients. A
control structure for controlled reactive power sources capable
of fast voltage regulation and effective mitigation of fast voltage
disturbances demands special attention.

Generally, voltage regulation design in shunt-type custom
power devices, such as DSTATCOM, APF, and inverter-based
DG, is twofold: 1) voltage control loop design and 2) current
control loop design. Considering the voltage control loop,
several control methods have been reported. Conventionally,
proportional—integral (PI) controllers have been used to gener-
ate the reactive current component [7]. However, these linear
controllers are working against nonlinear error dynamics. In
addition, there is difficulty in designing these controllers to
regulate the fundamental frequency voltage and reject higher
frequency disturbances. PI regulators with their pole at zero-
frequency cannot achieve fast voltage regulation and certainly
cannot mitigate fast voltage disturbances. Similar observations
can be found in [8], where a PI-based voltage controller has
been added to the APF to regulate the voltage at the PCC. In
[6], a nonlinear control based on feedback regulation of system
states to the reference values, which are statically related to
the reference phase voltage magnitude through system param-
eters, is proposed for a DSTATCOM. However, the method is
complex and requires system parameter adaptation. In addition,
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the voltage dip due to load disturbance is large, i.e., about
0.3 p.u. with a recovery time of about 5 ms. In [9], the DG
interface is designed with a fuzzy-logic-based voltage con-
troller to handle the nonlinearity of the voltage control loop.
However, the voltage regulation response is sluggish, with a
recovery time of about 0.05 s. To ensure perfect regulation
of the voltage at the PCC and provide means for rejecting
voltage disturbances, the frequency modes of the disturbances
to be eliminated should be included in the stable closed-loop
system. At this condition, the tracking error will not contain
these frequency modes. This criterion is satisfied if the voltage
controller can supply an internal model [10]. Neither a linear
controller nor a nonlinear controller can reject a wide band of
voltage disturbances unless an internal model for the voltage
disturbances is provided. For periodic disturbances, the repet-
itive control approach can be applied for voltage regulation
[11]. However, voltage disturbances are not periodic by nature.
Moreover, the repetitive control is not easy to stabilize for all
unknown disturbances and cannot attain very fast response. To
overcome the aforementioned difficulties, a variable-structure
control (VSC) approach is proposed to design the voltage
controller. In the case where the perturbations are random and
nonperiodic, VSC perhaps is the best solutions when high
performance is required. Moreover, the VSC is well suited for
nonlinear dynamic systems with uncertainties [12]. In the VSC
approach, a discontinuous fast switching control law forces an
infinite gain at the equilibrium point. Subsequently, a wide band
of frequency modes are supplied through an equivalent internal
model. By this technique, a wide range of voltage perturbations
can be rejected. However, the VSC approach has practical
limitations, such as chattering and nonlinear sliding motion
effects, which arise from the extremely high gain around the
equilibrium and the limited switching frequency. Subsequently,
not all the frequency modes can be rejected in a practical VSC.
In addition, the chattering effect might counteract the power
quality requirements imposed on the injected power. Therefore,
a hybrid voltage controller combining a linear with VSC ele-
ment and switching function approximation is proposed and ap-
plied to an inverter-based DG interface to regulate the voltage at
the PCC. The hybrid voltage control law gives more degrees of
freedom to achieve adequate control performance with enough
robustness against fast voltage disturbances with reduced
chattering.

A current control loop with high-bandwidth characteristics
is necessary to allow accurate tracking of the highly dynamic
reference trajectory generated by the voltage controller.! The
major techniques to regulate the output current of a CC-
VSI include either a variable-switching frequency, such as
the hysteresis control scheme, or fixed-switching frequency
schemes, such as the ramp comparison, stationary and syn-
chronous frame PI, and deadbeat predictive current control
schemes [13]. Hysteresis-based schemes give fast transient
response; however, they are documented to suffer from inter-
phase distortion, the possible existence of undesirable limit
cycle behavior, and poor steady-state performance with errors

UIf the current control loop is designed to offer a very fast step response,
arbitrary trajectory tracking can be feasible.
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of up to twice the hysteresis band when the load neutral is
isolated. Moreover, they result in unpredictable average con-
verter switching frequency that varies with the load parameters,
and consequently, the load current harmonics ripple is not
optimal. Even though some methods are reported to constrain
the variations in switching frequency [14], [15], the incompati-
bility with fully digital platforms and the additional complexity
make this scheme far from being practical. Ramp comparison
control using a PI regulator in the stationary frame has a long
history of use; however, it has the disadvantages of steady-state
phase errors and sensitivity to system parameters. Resonant
stationary-frame controllers have been proposed to null the
phase errors [16]-[18]; however, resonant controllers provide
internal model dynamics at preset frequency modes, and the
tuning process of these controllers is not straightforward [18].
By using the synchronous rotating frame [19], [20], the PI
regulator can be used without the phase lag associated with
stationary-frame PI regulators. However, this scheme does not
achieve optimal dynamic response from the converter due to its
relatively slow transient response and the nondefined robustness
properties. Currently, there is a strong trend toward fully digital
control of power converters based on deadbeat current control
techniques [21]-[28], which offer the potential for achieving
the fastest transient response, more precise current control, zero
steady-state error, and full compatibility with digital control
platforms. Moreover, when combined with the space vector
modulation (SVM) technique, this control scheme is known to
provide the lowest distortion and the lowest current ripples [22].
However, there are two main practical issues that are related
to the deadbeat current control: 1) bandwidth limitation due to
the inherent plant delay and 2) sensitivity to variations in the
current loop parameters [27]. An adaptive self-tuning deadbeat
current controller that overcomes these issues has been devel-
oped by Mohamed and El-Saadany [29]. A newly designed
deadbeat current control algorithm, based on robust modeling
and uncertainty estimation, is proposed in this paper. The dead-
beat current controller employs a simple delay compensation
method, which forces the delay elements, which are caused by
voltage calculation, PWM, and synchronous frame rotation, to
be equivalently placed outside the closed-loop control system.
Hence, their effect on the closed-loop stability is eliminated,
and the current controller can be designed with a higher band-
width. To guarantee the robustness and stability of the deadbeat
current controller, an adaptive uncertainty observer is emerged
in the current control structure to achieve a robust current
regulation performance. In addition, the predictive nature of the
uncertainty observer has the necessary phase advancement to
compensate for system delays.

The remainder of this paper is organized as follows.
In Section II, modeling of a three-phase voltage-oriented
CC-VSI is presented. In Section III, the proposed control sys-
tem is described. Evaluation results are provided in Section I'V.
Conclusions are drawn in Section V.

II. MODELING OF A VOLTAGE-ORIENTED CC-VSI

Fig. 1 shows a network connection of a grid-connected VSI
used to interface a DG unit, where R and L represent the
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Fig. 1. Network connection of a VSI with DG.

equivalent resistance and inductance of the ac filter, coupling
transformer (if any), and connection cables, respectively; R
and L, represent the feeder resistance and inductance up to the
PCC, respectively; vy is the supply voltage at the PCC; and V.
is the dc-link voltage.

Using the voltage-oriented control, the active and reactive
power injections can be controlled via a CC-VSI. To impose an
arbitrary current in the inductive coupling impedance, a current
controller is usually adopted to shape the voltage applied on
the inductor, so that minimum current error is achieved. An
outer power/voltage control loop can be used to generate the
reference current vector.

In Park’s d—q frame that synchronously rotates with the
grid angular speed w, the current dynamics can be reasonably
represented by the following equations:

i
vy = Rig + L°4

o + Lwig + vgq (D
i
vy = Rig + L% — Lwig + veg )

where vg, vg, 74, and %, are the d- and g-axis inverter’s voltages
and currents, respectively; L is the coupling inductance; R is
the coupling resistance; and vyq and v, are the d- and g-axis
components of the supply voltage at the PCC.

The injected active and reactive power components p and ¢
can be represented in terms of the d- and g-axis components
of the supply voltage at the PCC and the injected currents as
follows:

p= (Udsid + vqsiq) (3)

q= (quid - vdsiq)- (4)

N W N W

In addition, the magnitude of the voltage at the PCC is given by

|’U8‘ = \/ Ugd + qu'

Considering the physical constraints, the preceding model is
subjected to the following limits: The injected current is limited
to the maximum continuous current of the inverter or to the
maximum available current of the inverter in a limited short-
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time operation. In addition, the load voltage is limited to the
maximum available output voltage of the inverter, depending
on the dc-link voltage.

Since the distribution system is uncertain and dynamic in
nature and its parameters frequently vary due to factors such as
cable overload, transformer saturation, and temperature effects,
the uncertainty in system parameters should be considered in
the control system design.

Using the nominal system parameters and considering the
grid voltage components as a dynamic disturbance, (1) and (2)
can be rewritten as follows:

"
Vg = Roig + Lo—2

a + Lowiq + fq (6)
. diq .
Vg = Rold + LOE - LOWZq + fd (7)

where the subscript “0” denotes the nominal value; and f,
and f, represent the lump of uncertainties, which are caused
by parameter variations, current loop disturbances, and other
unstructured uncertainties, and are given by

di

fo=ARi, + AL% 4 ALwig+vsg+1g ()
. diq .

fa=ARiqg+ AL— — ALwig + vsq + g )

dt

where R = R, + AR, L = L, + AL, and n, and ng4, represent
unstructured uncertainties due to unmodeled dynamics.

The current dynamics in (6) and (7) can be represented by
the following state space equations:

T =Acoxr+ Boou+Geof y=Cx (10)
with
x = [i, id]T,u: [vy — wLyig vd+wLoiq]T,
_ T | —Rs/L, 0
f*[fq fd} ’ACO|: 0 _RO/LO:|’
_|1/L, 0 | —-1/L, 0
Bco— |: 0 1/LO:|;GCO—|: 0 _1/L0:|a
1 0
St

where Aco, Beo, and C are the nominal system matrices of a
continuous-time system; and w is the equivalent control input
vector.

In the case of slow and small voltage perturbations, the
nonlinearity of the voltage control problem is limited, and a
linear voltage regulator can be synthesized in the sense of
the small-signal model. However, for fast and large voltage
disturbances, the nonlinear nature of the voltage dynamics
cannot be neglected, and the voltage controller should be syn-
thesized in the sense of the large signal dynamics of the voltage
control loop. Other control system nonlinearities are associated
with the inverter system operation and control, such as the
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Fig. 2. Proposed control scheme.

dead-time effect, device voltage drop, current loop and PWM
limits, dc-link ripples, coupling dynamics between the active
and reactive power components, and imperfect measurements.

III. CONTROL SYSTEM DEVELOPMENT

Fig. 2 shows the block diagram of the proposed control
scheme for a grid-connected DG-based VSI. To achieve a fast
voltage regulation performance with the capability of miti-
gating fast voltage disturbances, a hybrid voltage controller
combining the linear control and the VSC approach is proposed
to generate the reactive current reference. As an inherent feature
of the VSC, the controller can introduce an infinite gain at
equilibrium, leading to high disturbance-rejection performance.
To achieve a robust active power control performance, a power
controller employing the hybrid linear with VSC structure
is proposed to generate the active current reference. The in-
variance property to system uncertainties in the sliding mode
enhances the robustness against the active and reactive power
coupling dynamics. To track the dynamic reference current
trajectories generated by the voltage and power controllers, a
newly designed high-bandwidth current controller, based on the
deadbeat control technique, is proposed. The current controller
is designed to achieve deadbeat response and to offer enough
robustness against current loop uncertainties. The SVM tech-
nique is used to synthesize the control voltage vector calculated
by the deadbeat current controller.

A. Voltage and Power Control

The main objective of the voltage and power controller is to
achieve fast and accurate generation of the reactive and active
current references. To achieve this objective, two linear with
variable-structure controllers are adopted, as shown in Fig. 2.
In the VSC strategy, a switching control law is used to drive the
plant’s state trajectory onto a chosen surface in the state space

Calculation |

(sliding surface). In the present design problem, the sliding
surfaces are selected to achieve first-order dynamics for the
sliding-mode operation as follows:

SU:5U+C1J% (11)
d
Sp :5p+cp% (12)

where ¢, = |v}| — |vs| and e, = p* — p are the voltage and
power control errors, respectively; ¢, and ¢, are the coefficients
of the sliding surface; and the symbol “x” denotes the reference
value.

In the sliding mode, it is required to restrict the controlled
states onto their corresponding sliding surfaces. This is ex-
clusively governed by S, = S, = 0 and Sp = Sp = (. At this
condition, the equivalent dynamics can be described as

de,
v = —Cp—o 13
€ oy (13)
de
Ep = _deitp. (14)

The sliding surface coefficients can be chosen to achieve the
required dynamic performance on the sliding surface.

In order to increase the degrees of freedom in tuning the
controller, the following linear with VSC inputs are used:

K;) (60 + Ksosen(S)) (15

. K
i = (Kpp + S“’) (ep + Kspsgn(S,)) (16)

where s is the Laplace operator; Kp,, K1y, Kpp, and K,
are the gains of the PI part of the control law; and Kg, and
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Fig. 3. Proposed control structure for unbalanced grid voltage regulation.

K, are the switching gains of the VSC. The control laws in
(15) and (16) employ a linear PI controller with a variable-
structure controller in a parallel structure. This configuration
has a dual behavior by generating a switching excitation signal,
which is superimposed by a smooth linear control effort and
the slow motion integral of the switching signal. It is clear that
the VSC behavior can be controlled by gains Kg, and Kg,,
whereas the linear control behavior is controlled by gains K p,,,
Kry, Kpp, and Kp. The control laws in (15) and (16) restrict
the system states onto the surfaces S, and S, in the sliding
mode. In addition, they give more degrees of freedom to achieve
adequate control performance with high robustness.

Since the PI part independently operates on the variable-
structure part, the PI control element can be tuned to yield a
specific tracking performance, whereas the VSC element can
be tuned to yield a high disturbance rejection performance.
Generally, the VSC design procedure requires the switching
gains to be large enough to achieve wideband disturbance
rejection. However, under steady-state conditions, the voltage
tracking error will be close to zero. Under this condition,
the VSC will be very sensitive to any noise in the tracking
error, and control chattering will be yielded. However, the
chopped control effort at the steady-state condition can be
suppressed by approximating the switching function sgn(S(t))
by S(t)/(|S(t)| + r), where r is given by

a7

where A is a large positive value, and  is a small positive
constant. The values of A and § can be selected in a tradeoff
between the robustness and the chattering performance. Prac-
tically, adequate performance can be obtained by using this
approximation.

The aforementioned voltage regulation scheme takes into
account only the positive-sequence case. However, the uneven
distribution of single-phase loads and the diversity in their
demands give rise to mild voltage unbalance. In other cases,
severe short-tem unbalances can be yielded in the case of
system faults. The direct result of these unbalances is additional
losses, and performance degradation of line-start motors, motor

drives, and power-electronic converters. Therefore, the voltage
regulation scheme should incorporate a negative-sequence reg-
ulator. The proposed voltage control scheme can be extended to
mitigate grid voltage unbalance by adding a negative-sequence
regulator. Fig. 3 depicts the proposed control structure for
unbalanced grid voltage regulation. The actual grid voltage
vector is compared to the reference grid voltage vector. The
voltage vector control error is projected onto positive- and
negative-sequence synchronous frames using filtered forward-
and reverse-rotating synchronous frames, which are denoted
by dqt and dgq~, respectively. The positive-sequence error
vector a;’q is processed by a hybrid variable-structure positive-
sequence controller to generate the positive-sequence refer-
ence current vector zf;]r Similarly, the hybrid variable-structure
negative-sequence controller generates the negative-sequence
reference current vector ij‘i; using the negative-sequence error
vector €. A deadbeat current control scheme is utilized to im-
pose the total reference current in the coupling-filter inductive
winding.

B. Current Control

A fast current control loop is necessary to allow fast tracking
of the reference current trajectories and to allow the VSI to
act as a current amplifier within the current loop bandwidth.
This section presents a deadbeat current control system, which
allows fast transient response and a transient-following track-
ing operation. The controller is designed under the practical
considerations of inherent plant delays, which are associated
with the digital implementation of the control algorithm, and
the uncertain nature of the current dynamics.

Since the harmonic components included in the inverter’s
output voltage are not correlated with the sampled reference
currents, the PWM VSI can be considered as a zeroth-order
hold circuit with a transfer function H (s) given by

1— efsT

H(s) .

(18)

where T is the discrete-time control sampling period, and s is
the Laplace operator.
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For the digital implementation of the control algorithm, the
current dynamics in (10) can be represented in a discrete-time
domain with the conversion H (s) in (18) as follows:

i(k+1) = Asi(k) + Bou(k) + Go f (k) (19)

where

Flk) =[falk) fak)]"

u(k) = [vg(k) = wLoia(k) va(k) +wLoiq(k)]"

i(k) = [ig(k) ia(k)]"

and A, and B, are the nominal sampled equivalents of the
continuous-time system matrices. If the continuous system in
(10) is sampled with interval 7', which is at least ten times
shorter than the load time constant, then the matrices of the
discrete-time system A,, B,, and G, can be obtained by
Euler’s approximation as follows:

: |

ax

L

)

_T
L,

Assuming that the lump of uncertainties f(k) is known
and using the discrete-time dynamics in (18), the conventional
deadbeat current controller [21] can be realized by the follow-
ing control effort:

w'(k) = B, {i*(k+1) — Agi(k) — Gof(k)} (1)

where the subscript “+” denotes reference values.

The control law in (21) does not account for system delays
by assuming that the control period is much longer than the
calculation time of (21). Practically, when the control period
is chosen to be small, inherent and nonnegligible delays that
are associated with the implementation of the digital control
scheme reduce the stability margins, particularly when high
feedback gains are used. On the other hand, if the delay
effect is appropriately compensated, the bandwidth criterion is
relaxed. In fact, the compensation of the time delay significantly
increases the current controller bandwidth without increasing
the inverter’s switching frequency.

In order to enhance the bandwidth characteristics, in the
presence of system delays, a delay compensation method is
adopted in this paper. During the (k + 1)th period of the control
process, the current is forced by the control voltage u(k + 1),
which is calculated in the kth period. The resultant current,
which is sensed at the beginning of the (k + 2)th period, can
be given by

(k4 2)=Ast(k+1)+Bou(k+ 1)+ Gof(k+1). (22)
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It is obvious that current vector ¢(k + 2) is affected by current
vector ¢(k + 1) and control voltage u(k + 1). By using current
vector ¢(k + 1), current vector 2(k + 2) can be given by

i(k+2) = A, (Agi(k) + Bou(k) + Go f(k))

+ Bou(k+ 1)+ Gof(k+1). (23)
For current regulation, current vector 4(k + 2) can be regarded
as the reference current vector. Accordingly, the appropriate
control voltage can be predictably obtained as

u'(k+1) = B,  {i*(k +2) — Ao (Aoi(k)

+ Bou(k) + Gof (k) — Gof(k+1)}. (24)
According to (24), the control voltage can be calculated
with the measured quantities at the kth sample, and the two-
sample delay is equivalently removed outside the closed-loop
control to appear in the two-step-ahead reference current vector.
Assuming known uncertainty dynamics f (this assumption will
be relaxed later by adopting a high bandwidth uncertainty
estimator) and using (24) with the current dynamics in (18),
the output current vector can be given as
i(k) =4 (k—2). (25)
Accordingly, the frequency response of the reference-to-output
transfer function matrix is

(26)

ren =[5 )

0 672jUJT

which has a unity gain, and a phase lag corresponds to the two-
sampling-period delay, which are equivalently removed outside
the closed loop to appear in the reference side. To compensate
for this delay, the forward estimate of the reference current
vector is necessary. This equivalently works as adding an equal
and opposite phase shift to the reference trajectory. The refer-
ence current vector can be predicted via linear extrapolation as
follows:
t(k+2)=3¢"(k) —2¢"(k—1). 27)
With the aforementioned control sequence, the synchronous
frame rotates, and there will be a position difference between
the kth and the (k + 1)th interrupt times. Since the control
voltage is applied during the (k4 1)th period, the position
difference can be adjusted by averaging the reference frame
position over one switching period. Therefore, the corrected
voltage command can be given in the following space vec-
tor form:
ﬁ*(k + 1) _ U*(k + 1)ej(2.59(k)71459(k71)) (28)
where 0(k) is the synchronous frame position at the current

sampling period, and it is obtained via a dg-phase-locked
loop [30].
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As shown in (24), robust control voltage generation can be
achieved if the uncertainty dynamics f is known. However, in
practical applications, the grid voltage and system parameters
R and L are subjected to considerable uncertainties. This
paper presents a robust deadbeat current control technique. The
robust controller is realized, with low computational demand,
by including an adaptive internal model for the estimated
uncertainty dynamics within the current feedback structure.
The inclusion of the estimated uncertainty dynamics provides
an efficient solution for attenuating the effects of the current
loop disturbances; hence, accurate current tracking can be
yielded. Furthermore, the proposed robust controller utilizes
the one-step-ahead uncertainty dynamics f(k + 1), which can
be robustly predicted, as shown here. The predictive nature
of the proposed estimator has the necessary phase advance of
the estimated disturbance, which compensates for the system’s
delays.

To estimate unknown uncertainty dynamics f, let us con-
struct an adaptive natural observer with the following input/
output relation:

& = Aco + Beou + Geof (29)
where the subscript “A” denotes estimated values.

Assuming that the nonlinearities associated with the inverter
operation—particularly the blanking time and the voltage lim-
itation effects—are properly compensated, the actual voltage
components can be replaced with the reference ones, in (29).
This assumption is justified by considering that the inverter’s
switching period is much smaller than the circuit time constant.
As a result, the direct measurements, which are affected by the
modulation and acquisition noise, are avoided.

Under the same input voltage and disturbance, the estimated
state vector approaches the actual state vector. Therefore, con-
vergence of the proposed observer can be achieved with an ap-
propriate disturbance voltage adaptation using estimation error
e=[ei eid]’ =x—&. Using (10) and (29), the following
error dynamics can be obtained:

€= Acoe + Gco.f (30)
where } =f- f is the uncertainty estimation error vector. For
nominal system parameters, matrix A, is Hurwitz. In addition,
the damping rate of A., can be easily controlled by adding
a feedback gain matrix for the estimation error. As a result,
according to the Lyapunov equation [31], there exist P = PT
and Q > 0 such that AT P + PA,, = —Q. The disturbance
adaptation rule can be derived in the sense of the Lyapunov
stability theory as [derivation can be found in Appendix A]

f=nGe,Pe (31)
where 7 is the adaptation gain, and P is the solution of the
Lyapunov equation.

To ensure the bounded stability of the proposed adaptive
observer, f is limited within a range defined by the lower and
upper limits f_;, and f,,

ax:*
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Fig. 4. Test system.

The adaptive estimation law in (31) provides a simple itera-
tive gradient algorithm designed to stabilize (30).

The Euler’s approximation method can be adopted to obtain
the discrete-time version of the estimator. Accordingly, the
estimated uncertainty function can be used to robustly calculate
the control voltage as follows:

* 1 - 2 .
Wkt 1= (z (k+2) —a2i(k)— o B, [u(k)ff(k)D
+ F(k+1) (32)
where o, =1 — (TR,/L,),and 8, = (T/L,).

To achieve higher dc-link voltage utilization and lower dis-
tortion in the output current, the SVM technique can be em-
ployed to synthesize the control voltage in (32).

The stationary-frame version of the deadbeat controller can
be easily derived from (32).

IV. EVALUATION RESULTS

To evaluate the performance of the proposed control scheme,
a three-phase grid-connected PWM VSI system incorporated
with the proposed control scheme, as shown in Fig. 2, has
been connected to a test network, as shown in Fig. 4. The
system parameters are given in Appendix B. The real-time
code of the proposed control scheme is generated by the Real-
Time WorkShop, under the Matlab/Simulink environment. The
TMS320C30 digital signal processor (DSP) has been chosen as
an embedded platform for real-time digital simulation experi-
ments. The execution time of the current control interrupt rou-
tine is about 130 ps. Subsequently, a control period 7' = 150 us
is selected. With this setting, a safe central processing unit load
coefficient of 86% and a switching frequency of 6.7 kHz have
been obtained. As these figures reveal, the processing demand
of the proposed control scheme is relatively modest for a DSP
system, making it possible to achieve quite high switching
frequencies. Since the sharp insulated-gate bipolar transistor
commutation spikes may impair the current acquisition process,
the synchronous sampling technique with a symmetric SVM
module is adopted. With this method, the sampling is performed
at the beginning of each modulation cycle. Only two phase cur-
rents are fed back as the load neutral is isolated; hence, the third
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Fig. 5. Performance of the conventional deadbeat current controller imple-
mented in fully digital system.

phase current can be calculated. For the variable-structure volt-
age and power controllers, the coefficients of the sliding surface
are chosen as ¢, = 0.0015 and ¢, = 0.15. As a result, the time
constant of the .S, and S, dynamics are set to 1.5 and 150 ms,
respectively. The control law parameters are chosen as K p, =
0.28, K, = 380, Kg, = 140, Kp, = 0.05, Kr, = 50, and
K, = 50. The control parameters are chosen through a nu-
merical search algorithm to achieve appropriate control perfor-
mance, with consideration of the stability requirements, control
effort saturation, and practical operating conditions. The current
controller is designed using the following nominal system pa-
rameters: A.o, = diag(—400,—400), G, = diag(400,400),
n = 1500, and @Q = Is4o; therefore, the solution for the Lya-
punov equation is P = diag(0.00125,0.00125). The bound-
ing limits f,;, and f,.. are set as —2|vg|max and
2|Vs | max- respectively, where |vg|max is the peak nominal grid
voltage.

To verify the feasibility of the proposed controller, different
operating conditions have been considered. For the purpose
of performance comparison, some selected results are pre-
sented here.

A. Current Control Performance

For the sake of performance comparison, the proposed cur-
rent controller is compared to the conventional deadbeat current
controller [21]. Both controllers are tuned using the nominal
parameters. The interfacing parameters are set to their nominal
values as well. Fig. 5 shows the steady-state performance of
the conventional deadbeat current controller in a fully digital
system. The d-axis current command is set to 20 A, whereas
the g-axis current command is set to O A. Since one more period
is needed for the control voltage calculation, the conventional
deadbeat algorithm leads to sustained oscillations (limit cycles)
in the phase-a current response, as shown in Fig. 5. These
oscillations and the poor dynamic response are indeed the result
of the instability of the control system. In a tradeoff between
the bandwidth requirements and the stability, the conventional
deadbeat controller should be designed with lower equivalent
feedback gains. This negates the deadbeat control performance;
therefore, lower control accuracy is yielded.

Fig. 6 shows the current response of the proposed deadbeat
controller. The d-axis current command is changed from 0 to
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Fig. 6. Performance of the proposed deadbeat current controller implemented
in fully digital system.

20 A at t =0.0167 s, i.e., a rising step current command,
whereas the g-axis current command is set to O A. It can be
seen that the phase-a current component tracks its reference
trajectory precisely with zero steady-state error, zero overshoot,
and a rise time of about 250 us.

To demonstrate the robustness of the proposed deadbeat cur-
rent control, the proposed controller is compared to the conven-
tional deadbeat control [21] and the robust predictive current
controller proposed in [27] under parametric uncertainties. The
differences between the performances of the three predictive
controllers are due to the delay compensation method and the
robustness against current loop uncertainty associated with each
controller. Fig. 7 shows the time-domain current responses
and the corresponding harmonic spectra of the conventional
deadbeat controller, the robust predictive controller in [27], and
the proposed controller, respectively. These results are obtained
with 60% mismatch in L and 50% mismatch in R; the d-axis
current command is set to 20 A, and the g-axis current com-
mand is set to 0 A. Fig. 7(a) and (b) shows that the conventional
controller is unstable and generates significant low-order har-
monics, leading to a total harmonic distortion (THD) of 66.12%
up to 8.16 kHz (i.e., up to the 136th harmonic). This result does
not meet the IEEE Standard 1547 requirement of THD [32],
which is below 5%. Although the predictive controller in [27] is
robust up to 53% mismatch in the load inductance, the stability
and robustness are remarkably degraded at higher values of
uncertainty in the coupling inductance and when the effect of
uncertainty in the coupling resistance is considered, as shown in
Fig. 7(c). The instability in the current response, combined with
the saturation effect of the current controller and PWM limiters,
generates low-order harmonics, leading to a THD of 3.37% up
to 8.16 kHz, as shown in Fig. 7(d). In contrast, the proposed
algorithm is still stable and generates the minimal low-order
harmonics even with 60% mismatch in L and 50% mismatch in
R, as shown in Fig. 7(e). In this case, the THD up to 8.16 kHz
is 0.95%, as depicted in Fig. 7(f).

B. Voltage Control Performance

To evaluate the performance of the proposed interface to
compensate for the PCC voltage fluctuation under the condition
of a sudden load change, the switched load (L2) is turned
on at t = 0.045 s. The reference voltage at the PCC is set to
1.0 p.u. Fig. 8 shows the voltage profile without regulation,
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proposed controller.

where Fig. 8(a) shows the line-voltage waveform and Fig. 8(b)
shows the magnitude of the line voltage at the PCC. Fig. 8
shows that the instantaneous voltage dip is about 0.5 p.u. and
the steady-state voltage drop is about 0.15 p.u. Fig. 9 shows
the control performance when the proposed voltage regulation
scheme is enabled. Fig. 9(a) and (b) shows that the instanta-
neous voltage dip is less than 0.09 p.u. with a recovery time of
about 3 ms. Fig. 9(c) shows the corresponding g-axis current
injected to the grid. The reactive current component is quickly
generated to regulate the bus voltage and reject the voltage
disturbance.

Capacitor switching generates highly dynamic voltage dis-
turbances, which directly impact the voltage quality. Fig. 10(a)
and (b) shows the voltage waveform when the capacitor is
switched on at £ = 0.045 s and without voltage regulation. Se-
vere degradation in the voltage quality is yielded by the switch-
ing transient. Fig. 11 shows the control performance when

the proposed voltage regulation scheme is enabled. Fig. 11(a)
and (b) shows that the quality of the voltage waveform is
remarkably improved, where most of the transient waveform
has been mitigated by the voltage controller. Fig. 11(c) shows
the corresponding g-axis current injected to the grid. The re-
active current component is quickly generated to regulate the
bus voltage and reject the voltage disturbance. The wideband
disturbance rejection feature of the variable-structure voltage
controller enables effective mitigation of fast and dynamic
voltage disturbances, such as the capacitor-switching transients.
Fig. 11(d) shows the estimated uncertainty function. It is clear
that the proposed uncertainty estimator can track the actual grid
voltage disturbance. Therefore, the effect of these disturbances
on the current control loop can be mitigated.

To evaluate the voltage regulation performance under un-
balanced grid voltage conditions, the proposed dual-sequence
voltage controller, which is depicted in Fig. 4, has been tested.
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Fig. 8. Voltage drop due to sudden loading of load L2. (a) Voltage waveform.
(b) Voltage magnitude at the PCC.
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Fig.9. Voltage regulation performance with the proposed controller at sudden
loading of load L2. (a) Voltage waveform. (b) Voltage magnitude at the PCC.
(c) Reactive current injected.

Fig. 12 shows the grid voltage at the PCC during unbalanced
voltage disturbance initiated by heavily unbalanced loading to
emulate unsymmetrical fault conditions.
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Fig. 10. Voltage transients due to capacitor switching. (a) Voltage waveform.
(b) Voltage magnitude at the PCC.

A relatively large unbalanced voltage dip with 8.7% voltage
unbalance factor [33] takes place for 9.6 cycles, by means of
unbalanced loading, as shown in Fig. 12(a). The presence of the
negative-sequence component leads to double power-frequency
oscillations in the dg components of the grid voltage, as shown
in Fig. 12(b).

Fig. 13 depicts the control performance of the proposed
scheme under the unbalanced grid voltage illustrated in Fig. 12.
Fig. 13(a) shows the three-phase voltages, which are well reg-
ulated under the unbalanced disturbance. Fig. 13(b) shows the
positive-sequence dq components of the grid voltage, whereas
Fig. 13(c) shows the corresponding negative-sequence com-
ponents. Since the inverter interface is supporting the grid
reactively in a fast manner, only the d-component of the
positive-sequence grid voltage appears, whereas other sequence
components swiftly vanish. Fig. 13(d) and (e) shows the se-
quence components of the injected current. The fast action
of the proposed controller in regulating the line voltage is
obvious. Provided that there is enough reactive power rating,
the proposed interface can override larger voltage disturbances
initiated by upstream grid faults.

The control chattering phenomenon associated with the VSC
might counteract the stability and power quality requirements
of the converter system. However, the switching function ap-
proximation can relax this problem. Fig. 14(a) shows the g-axis
reference current command in the proposed controller with a
hard switching function. The converter is commanded to start at
t = 0.045 s under 12% reduction in the grid voltage magnitude.
It is clear that the VSC voltage controller provides a good
transient response to regulate the PCC voltage; however, the
control chattering at the steady state is obvious. Fig. 14(b)
shows the g-axis reference current command with switching-
function approximation. The transient response is almost pre-
served, whereas the steady-state performance is remarkably
improved. A smooth reactive current reference with negligible
ripples is obtained.
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Fig. 11. Disturbance rejection performance with the proposed controller

against voltage transients initiated by capacitor switching. (a) Voltage wave-
form. (b) Voltage magnitude at the PCC. (c) Reactive current injected.
(d) Estimated uncertainty function.

V. CONCLUSION

In this paper, a control scheme for grid-connected PWM
VSIs featuring fast load-voltage regulation and effective mitiga-
tion of fast voltage disturbances has been presented. A hybrid
voltage controller combining a linear with VSC element has
been proposed and applied to an inverter-based DG interface
to regulate the voltage at the PCC. The proposed voltage
controller successfully embeds a wide band of frequency modes
through an equivalent internal model. Subsequently, a wide
range of voltage perturbations, including capacitor-switching
disturbances, has been effectively mitigated. To provide ef-
fective mitigation of unbalanced voltage disturbances, a dual-
sequence voltage controller has been developed. Accordingly,
the proposed interface can override unbalanced voltage dis-
turbances initiated by upstream grid faults. To ensure accu-
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Fig. 12. Grid voltage at the PCC during unbalanced voltage disturbance.
(a) Voltage waveforms. (b) Grid voltage dg components.

rate and robust tracking of the generated active and reactive
current trajectories, a newly designed deadbeat current control
algorithm has been presented. The current controller has been
designed under the practical considerations of inherent plant
delays, associated with the digital implementation of the control
algorithm, and the uncertain nature of the current dynamics.
Theoretical analysis and comparative evaluation tests are pre-
sented to demonstrate the effectiveness of the proposed control
scheme.

APPENDIX A
To derive the adaptation law in (31), a Lyapunov function

candidate is selected as

~ 1~7~
V| d —e'Pe+ = . 33
(et).d(t).t) = e"Pet F (33)

The time derivative of (33) is derived as

V(e(t), F(t),t) =eT (AL P + PAc)e +2f GI,Pe

~T~

25y
n

—eTQe 12 G Pe+ 2 F. (34)
n

Assuming that the observed disturbance is naturally continuous
with a bandwidth that is much smaller than the observation
period and by using (31), the following result can be deduced:

V(e(t), }(t),t) <0. (35)

Therefore, a robust current control performance can be yielded.
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Fig. 14. Control effort of the proposed voltage controller (a) with a hard
switching function and (b) with switching-function approximation.

APPENDIX B

The parameters of the studied system shown in Fig. 4 are
given as follows:

* nominal grid phase-voltage at the PCC = 110 V at 60 Hz;
* R, =0.088;

e L, =1mH;

* dc-link voltage = 600 V;

e load L1: 20 kW at a lagging power factor of 0.9;

e load L2: 30 kW at a lagging power factor of 0.85;

» switching capacitor: 20 kVAR;

* nominal equivalent interfacing inductance L, = 2.5 mH;
* nominal equivalent interfacing resistance R, = 1.0 2.
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