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Abstract—This article presents a novel adaptive control architec-
ture for—connected single-phase inverters (SPIs) that can dynami-
cally regulate active and reactive power, thus enabling grid support
functions effectively. The base controller framework is that of the
active and reactive power control in the dg-domain. The proposed
controller is based on an adaptive minimum variance framework
and utilizes an online parametric identifier. The advantage of the
proposed scheme is that the architecture can concurrently provide
voltage support and line power balancing capability with a per-
formance factor greater than a static proportional-integral (PI)
and proportional-resonant (PR) controller. First, the controller
capability is evaluated on a proof of concept aggregated power
grid model or a single machine infinite bus system. Then, the tests
for concurrently providing line balancing and voltage support are
conducted by connecting SPIs at several locations on an unbalance
three-phase IEEE 123 node distribution system model. It has been
demonstrated that the proposed architecture is adaptable and
performs better (3% to 5% improvement in error) when compared
to static PI and PR controller during varying operating conditions.

Index Terms—Adaptive control, dg control, minimum variance
control, system identification, single-phase inverters (SPIs).

I. INTRODUCTION

HREE-PHASE power distribution systems with unequal

load distribution and unequal line impedances can cause
phase current to unbalance, leading to voltage and current unbal-
ance issues. The unbalanced nature of the current in each phase
can be due to dissimilar single-phase loading and nonlinear
loads. As the addition of distributed energy resources (DERS)
based on renewable energy is on the rise, power flow on the
distribution system varies between situations with phases. This

Manuscript received July 15, 2019; revised December 7, 2020 and February
16, 2020; accepted April 12, 2020. Date of publication May 13, 2020; date of
current version July 1, 2020. Paper 2019-IACC-0989.R2, presented at the 2018
IEEE Industry Applications Society Annual Meeting, Portland, OR, USA, Sep.
23-27, and approved for publication in the IEEE TRANSACTIONS ON INDUSTRY
APPLICATIONS by the Industrial Automation and Control Committee of the
IEEE Industry Applications Society. This work was supported in part by by
the U.S. Department of Energy’s Office of Energy Efficiency and Renewable
Energy (EERE) under the Solar Energy Technologies Office Award Number
DE-EE0008774 and in part by the National Science Foundation ECS-1810174.
(Corresponding author: Sukumar Kamalasadan.)

The authors are with the Energy Production Infrastructure Center and De-
partment of Electrical Engineering, University of North Carolina at Char-
lotte, Charlotte, NC 28223 USA (e-mail: rbisht@uncc.edu; rbhattar@uncc.edu;
ssubral7 @uncc.edu; skamalas @uncc.edu).

Color versions of one or more of the figures in this article are available online
at https://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TTA.2020.2994879

, Member, IEEE, Shashank Subramaniam, Member, IEEE,
, Senior Member, IEEE

condition combined with the reverse power flow from DERs
can further worsen situations with voltage rise and other power
quality issues. Most of the power generated from renewable
energy resources (RERs) is injected into the distribution grid or
delivered to the end-users through the use of power electronic
converters [1]. Atlow-voltage distribution networks, conversion
of power takes place via single-phase inverters (SPIs) [2]. The
advantage of using SPIs over three-phase for unbalanced sys-
tems is that they can provide extra flexibility to control individual
line power flows. The ability to inject and consume power by
the grid-connected inverters (GCIs), can be used advantageously
to control line power and provide voltage support for each
phase. Power electronic converters and the flexible alternating
current transmission system devices have already been designed
[3] for voltage regulation and unbalance voltage mitigation.
However, designating converters for the sole purpose of voltage
regulation at various points in the power system is expensive.
With the higher penetration of RERs, there would be a large
number of these converters in the power distribution network
[4], [5]. Previous research work has shown that phase balancing
is possible using excess active power from the RERs or vice versa
for active power curtailment [6]—[10], but this has its limitations
especially when supplying power to satisfy demand is of the
higher priority. A combination of active and reactive power to
provide for the phase balancing has been explored in [11] but
only by using static PI-based designs.

Recent advances in grid codes have made dynamic control of
SPIs a necessity [12], [13]. However, such control is a difficult
task as it requires considerable controller adaptation. The two
extensively studied methods for controlling SPIs power output
are the proportional resonant controller (stationary reference
frame) and the PI controller (synchronous reference frame)
[14]-[16]. The power output for grid-connected feedforward
steady-state inverters is controlled by controlling the current
at the output of the inverter. Current-controlled SPIs, usually
use the PI controller with grid voltage feedforward as a de-
coupling term [14], [15]. The inability to track faster dynamic
changes, creating steady-state errors and problems in tracking
with background disturbance are the major drawbacks of the
PI controllers [17], [18]. Also in synchronous reference frame
modeling of the SPIs, there exists a coupling between the dq axis
current, which can have a significant impact on the controller
design methodology [14], [19]-[21]. One of the solutions to this
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problem is by providing large gains to decrease the coupling
effects [20], which can cause instability. Another approach
by using filter inductor current state feedback is also used to
decouple the dg axis current [21]. As inductor current state
feedback (ICSF) eliminates techniques for the coupling caused
by the digital delay, a one-step predicting ICSF (PRE-ICSF)
was proposed in [22]. In this method, the step ahead predicted
current is used to generate the decoupling term. However, both
the ICSF and PRE-ICSF techniques are susceptible to parametric
changes in the inverter. In [23] and [24], a complex vector-based
controller is proposed to overcome parameter dependency of
the previously mentioned techniques. However, the technique
is applied to three-phase inverters. Another important factor
is the problem related to frequency instability due to power
imbalances. This issue is getting significant attention these days
due to the increased number of single-phase loads.

This article presents a current control strategy based on system
identification, which can be utilized for active and reactive
control of SPIs to minimize the power imbalance in lines and
provide voltage support. Also, in this work, the phase-shifting
block to obtain the o — 3 component utilizes the grid frequency
to obtain the actual 90° phase-shifted components. This leads
to an orthogonal axis constructing method, which has a rapid
dynamic response to the disturbance in the system that helps in
independent active/reactive power control in an SPI. Addition-
ally, the coupling issue in the single-phase inverter is minimized
through the identification-based control, which tries to minimize
the variance of the controlled variable from its set-point. The pro-
posed dynamic controller design has a better response over the
complete operating range of SPIs in the grid-connected mode as
opposed to the conventional PI controllers. The proposed control
method takes advantage of the well-known dg transformation, an
analysis mostly employed for three-phase converters’ analysis
and control design. The system identification based adaptive
minimum variance control also has a better dynamic response
and disturbance rejection as compared to the conventional vector
control [25], [26].

This article is an extended version of the author’s earlier work
[27]. It mainly focused on the following:

1) the dynamic power control and performance analysis of

the adaptive controller with the conventional PI control,

2) power quality improvement and power unbalance mitiga-
tion, and

3) voltage regulation and unbalance mitigation.

The main theoretical and innovative contribution in this work
is that the proposed architecture can balance line power as
well as provided extra reactive power for voltage regulation
using the power management control implemented in this ar-
ticle. Other main advantages of the proposed architecture are as
follows.

1) The tuning of the controller is online and does not require
the proper knowledge about the SPI parameters. This
provides better tracking and dynamic stabilization.

2) The controller performs better during changing grid dy-
namics and DER output fluctuations.

3) The controller is adaptive, and any parametric changes
that bring changes in power output of the inverter can be
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incorporated by the identification routine. It also provides
flexibility to control powers in individual phases.

4) The method provides independent control on active and
reactive power, which is beneficial for the consumer loads
and ancillary services for the utility.

The rest of this article is organized as follows. Section II
discusses the modeling of SPI. Section III discusses the system
identification based adaptive control architecture. Section IV
discusses the proof of concept demonstrates the scalability of
the proposed controller. Section V discusses the application of
the active and reactive power controlled single-phase GClIs for
power balancing. The conclusions are deduced in Section VI.

II. MODELING AND DESIGN OF SPI

Fig. 1 shows a typical structure of the single-phase voltage
source inverter along with its control topology. The inverter uses
active full-bridge topology that operates in all four quadrants of
the PQ plane. For flexible control of active and reactive power,
the dq reference frame based decoupled control technique is
designed [15], [28], [29]. In this work, the dc side of the SPI
is assumed to be connected to a battery energy storage system
(BESS) and the dc link is assumed to be well regulated by the
control system implemented in BESS.

A. Single-Phase dq Transformation

Single-phase system currents and voltages can be transformed
into the aw — S reference frame easily without any transformation
matrix, unlike the three-phase system. For this purpose, the
measured quantity is taken to be the o component and the /3
component is a 90° phase-shifted version of the measured quan-
tity. The shift is computed through a phase-locked loop (PLL),
which determines the frequency of the system[30]. The delay
equivalent to the 90 ° phase shift is deduced from the system
frequency. Hence, the o — /3 component of inverter current can
be written as

. UL (wit)
1L .

pu— 1

[ ] ) M

. 2 m
7| d)

The oo — B component of inverter current is obtained and corre-
spondingly the inverter current in the dq reference frame can be
computed by

ira| _ |sin(wt) —cos(wt) | |ira

[iLq ] a [cos(wt) sin(wt) ] [iL@ ] '
The conversion technique can be utilized to generate the voltage
components as well. With the appropriate voltage components,
the signals can be used as feedback signals in the control loop,
as shown in Fig. 1(b). The PLL helps in synchronizing the
inverter output voltage with the grid voltage. This process helps
in generating a clean sinusoidal modulation signal intended for
the inverter switching. The PI controller inside the PLL improves
the settling time and the damping factor for the transformed
component. The PLL can also be used for monitoring changes in

the grid voltage. The frequency obtained from PLL is utilized in
computing the time delay to create a 90° phase shift and the angle

@)
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Fig. 1.

obtained from PLL provides the position of grid voltage vector
with respect to the synchronously rotating reference frame.

B. Mathematical Model of SPI

Park’s dq reference frame rotates synchronously with the
inverter output voltage at angular speed w,. The current and
voltage dynamics are represented by the following equations:

% — _L—]?imvd + Wollinyg + L—f(vinvd —vde) (3
% = —L—]?iqu — Wolinyd + L—f(vinvq — Vge) )
% = Woleq + Cif(iinvd —iLa) ®)
% = —Wyleq + C—f(iinvq —iLq) (6)
% - _L]ZgiLd + Wolrg + Lig(vcd ~ Vra) N
% = _L]zgz'Lq — Wolra + Lig(ch — VLg)- ®)

Here, Vinyd, Vinvg» tinvd> and 4inyq are the inverter’s d- and g-axis
output voltages and currents; V¢4, Veq, ¢ Ld, and ¢, Tepresent the
filter’s d- and g-axis output voltages and currents; vrq and vz
are the d- and g-axis grid voltages. Ry, Ly, and Cy are the LC
filter variables; and 17, and L, are the resistance and inductance
of the coupling inductor, respectively. From this, active and
reactive power output of the inverter, Py and Qjiyy, iS given
as

Py = vrdind + VigiLg
Qinv = Vrdirg + VrgiLd. 9

With the rotating reference frame aligned with output voltage
measured after the LC filter, the d-component is vrg = V and
the g-component vz, = 0, where V' is the magnitude of output

Pspr

Qser
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Proposed adaptive control framework for grid-connected SPI (a) General schematic. (b) Proposed implementation.

voltage vector. Hence, the active and reactive power output can
be approximated by

Py =vLdiLd
Qinv = VLdiLg- (10)
Generalizing (3)—(10), we get the following state-space form

Az = AAx + BAu

Ay = CAz (11)
where
Az = [Aiinvd Aiinvq Aveqg Ach Airg AiqL ] r
Au = [Avin\/d A'Uinvq ] g

T
Ay = I:AQinv AC?inv]
A, B, and C are the system state, input, and output matrices,
respectively, as given in (12)

R i
-1+ w; —L% 0 0 0
W, —L—; 0 —L—lf 0 0
1 1
A= C_f 0 0 Wo _C_f 0
0 c% —w, 0 0 —c% ’
1 R
0 0 I (1) LJ; w}z
|00 0 g e T
o (£ 0 0000 ’
—lo0 L—lf 000O0|"
_0 000 Vrd 0
C= 12
_0 000 0 VLd ( )

C. Inverter Control Design Based on PI Control

The GCI has the grid-side voltage maintained as shown in
(10). From this, one can control the active and reactive power
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TABLE I
PI CONTROLLER DESIGN AND GAINS

Control Loop PI Tuned Based on Kp Gain K Gain
Outer: Power SMIB 0.3 1
Inner: Current SMIB 0.7 10
Outer: Power  IEEE 123 bus system 0.8 3
Inner: Current IEEE 123 bus system 10 30
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Fig.2. Bode plot of the closed-loop system.

by controlling ir4 and ir,, and further, the control action
propagates to the modulating waveform by changing the output
voltage v.q and V4. Vcq and v.4 can be changed by changing the
inverter output voltage vjnyg and vinyq, Tespectively. For design-
ing a conventional PI control, (11) and (12) are first converted
into a transfer function form. The discrete model representation
can then be written as (assuming a third-order approximation)

Z.invdq,k - Z.invdq,kfl _ Rf Z.invdq,k - Z.invdq,kfl
Ts Ly 2

Z.in\/dq,k - Z.invdq,kfl
—w + — (Vinvdg,k—1 — Vde,k—1)

1
0 7 I 13)

where 7T's is the sampling of the simulation and, £ is the current
or kth sample of the respective parameter. Either using the
discretized (11) or the zero-order hold representation, the con-
troller can be tuned. A tuning method based on phase and gain
margins [31] (see Fig. 2), is used for tuning the PI controller.
Table I shows the PI control gains for simulation purposes. Plots
in Fig. 2 shows the designed gain and phase margins.
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III. ADAPTIVE CONTROL OF AN SPI

Fig. 1 presents the schematic of an adaptive control system
implemented on an SPI. The adaptive controller comprises of
the following three main components:

1) the plant to be controlled;

2) system identifier;

3) controller-based on identified system parameters.

Based on how the power variables are related to the inverter
output voltage, presented in Section II, the system is represented
by a third-order polynomial that is processed by the identifier.
The design of the system identifier and the minimum variance
adaptive control is presented as follows.

A. Recursive Least Squares Estimation

The z-domain transfer function parameters of the SPI system
are identified every sample period “k” using the input signal
“Vinva (k)" and output signal “ P, (k)” of the system. The system
can be represented by a third-order z-domain transfer function
of the following form for active power control loop:

Py (k) boz '+ bz 2 +b23 B B(z™)

vimva(k) 14+ aiz '+ az?4a3z73  A(z")
which in turn can be represented by a difference equation form
for sample “k” as

an(k) = - aanv(k - 1) - QZan(k - 2) - a313inv(k - 3)

+ bovim,d(k — 1) =+ blvinvd(k — 2) + bZUinvd(k—3)-
(15)

(14)

Similarly for sample “k6 — N + 17
Pnw(k—N+1)=—-aPp(k—N)—aPpy(k—N—-1) — - -
a3jjinv(k' - N — 2) + b()’Uid(k' s N) + -
blvid(k — N — 1) + bzvid(k' — N — 2).
(16)
“N” is the observation length and the group of difference equa-
tions (15) and (16) can be written in the following matrix form:

6x1
~—=
Nx1 a
P (k) Nx6 | -
an(k - 1) = az
. =T [} a7
: 0
Pw(kE—N+1) "
‘bmodel —b2—
N——"
S)

where X is given by (18) shown at the bottom of this page.

_Ijinv(k - 1) _Ijinv(k - 3)

_an(k - 2) _Ijinv(k -
X =

_an(k - N) . _an(k - N -

Uinvd(k - 1)
Uinvd(k - 2)

Uinvd(k - 3)
Uinvd(k - 4)
(18)

2) Vinva(k = N) . Vipva(k — N —2)
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The error between the actual system and the system model is
given by “€”

€= (I)syslem - (I)model (19)

where ®gygiem is the vector of measured system output variables.
From (17), ®poqe1 = X - © can be substituted in (19) to get

~X.e. (20)

€= (I)system
The basis of the least squares identification is to minimize the
square of the error “e” for which a criterion “J” is defined as

k+N

= _ZZ

On minimizing the criterion “.J,” the system parameters “O”
representing the parameter vector is solved and the following
form of equation for “©” is obtained

21

O(k)=0O(k—1)+ K(k) [®(k) — X"(k)O(k — 1)] (22)
where
B P(k—1)X (k)
o= rxwre-nxm @
P(k) = [ — K(k)X"'(k)] P(k—1) 24)

Y

where K (k) is the Kalman filter gain, P(k) is the covariance
matrix of the error during the estimation of parameter vector
O, which has the size of 6 x 6, I is the identity matrix of size
6 x 6, and ~y is the forgetting factor.

Once © is solved using (22), the parameters ai,a;,

.,a3,bg, by, ..., by that define the third-order transfer function
model of the system can be obtained. Once the parameters are
obtained, the controller can be designed using the identified
parameters.

B. Minimum Variance Control

In this section, the design methodology of the minimum vari-
ance controller is discussed. The minimum variance controller
is a digital control technique utilizing the parameters of the
transfer function representing the system along with the past
inputs and outputs. The goal of the minimum variance controller
is to closely regulate the active and reactive power of the SPI by
generating the proper voltage sequence to generate pulsewidth
modulation pulses. The derivation of the minimum variance
control law for the active power output of the inverter is shown
below and a similar process is followed for the control law
derivation of the reactive power. For the minimum variance
control design, the system is assumed to be described by the
controlled auto regressive moving average (CARMA) model,
ie.,

B(z™)

GPD(k’) = m X (25)

Vinya () + A

where ep, (k) = P, (k) — Puy(k), PX (k) is the reference ac-

mnv nv

tive power to be delivered to the grid, Py, (k) is the actual

active power being delivered, v/, o 18 the g-axis voltage sequence
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applied at k£th instant in time in the inverter, o is the error in the
model representation.

The CARMA model is used in the proposed design, as this
representation has some level of uncertainty and randomness
built-in, which consider the future correlation of the inverter with
past responses. The assumption is valid as the inverter operation
in the power system has similar behavior. Moreover, the moving
average part will filter or smooth out any short term irregularity
or inconsistencies in the data series, which helps in obtaining
a smoother model of the system. White noise modeling for
estimation error is included as it is assumed that the estimation
error is independent of past errors and there is no autocorrelation
of the estimation error with its past terms. This is also a valid
assumption. Based on the system time delay information, the
minimum variance controller minimizes the variance of the
output at k + d with respect to the expected value of output
at k + d using the information gathered at up to time instant k,
i.e, the controller goal is to minimize the following objective
function:

J(k) = E{ep, (k + d)*}

where d is the assumed system delay and E, represents the
expected value of the output d steps into the future, which in
this case is zero.

Based on the derivation of the relation between power vari-
ables and inverter output voltages in Section II, a third-order
linear representation of the system is selected. This can be
represented as

A=Yep, (k) = Bz~ Wlpa(k) + C(=")alk)
A Y =14+az'+ a2t + a3z
Bz =boz ' +bz2 4+ bz
Czh=1. (26)
From the system equation in (26), it can be observed that
ep, (k) = —a1z”"ep, (k) — axz2ep, (k) — azzep, (k)
+b0z " Wipa(k) + b1z 2 tla(k) + b2z v (k) + Q(k)('27)

Now, if the time index in prediction is shifted by one, (27) can
be written as

epo(k'—F 1) = —a16po(k') — CL26PO(/€ — 1) — a36po(k —2)

Fb0Vinyq (k) + b1viq(k = 1) + byvjy g (k — 2) + o(k + 1).
(28)

The left-hand side of (28) represents the output signal, and it
is one time step ahead. The right-hand side has the information
about the present and past output signal, present and past input
signal and future model estimation error. The control action

/

vinvq(k) is computed in order to optimize the variance of the

output one step ahead in the future as

Min {J(k)} = MlnE {ep,(k+ 1)}

v‘“"d(k mvd
= Min(%n{[(—al)@o(k) + (—az)ep, (k — 1) + (—as)ep,
Ui’nvd
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=== -RER:=-="4
1

Fig. 3. SMIB test system for the SPL

(k - 2) * (bo)vi/nvd(k) * (bl)vi/nvd(k - 1) * (bz)vi,nvd

(k—2)+o(k+ 1)} (29)

Equation (29) contains present and past inputs, present and
past outputs, and future model estimation error. The estimation
error is assumed as white noise, and its future values cannot
be correlated with past and/or present signals. Hence, one can
achieve the minimum variance when the sum of the first six
components is set to zero, i.e.,

—(116p0(k') — Qzﬁpo(k' — 1) — CL36PD(/€ — 2)

+bOUi/an(k) + blvi/nvd(k - 1) + bZUilnvd(k - 2) =0 (30)

The minimum variance control law for active power control is
given by

Viwa(k) = (arep, (k) + azep,(k — 1) 4 azep, (k - 2)
_blvi,nvd(k - 1) - bZUi/nvd(k - 2))/b0 (31)

Similarly, the minimum variance control law for reactive power
control is given by

Vinyg (k) = (a1eq, (k) + azeq, (k — 1) + aseq, (k — 2)
byl (k — 1) — byl (k — 2))/by. (32)

where € (k) = Q5 (k) — Qiny (k). @5, is the reference reac-
tive power to be delivered to the grid and Qj,y is the actual
reactive power delivered. Fig. 1(a) represents the overall control
structure proposed in this work for active and reactive power
control of single-phase GCI. The system identification sampling
time and controller sampling time used in this work are provided
in the Appendix.

IV. CONTROLLER PERFORMANCE COMPARISON

The adaptive minimum variance controller performance val-
idation was carried out on a single-phase GCI, in a one/single
machine infinite bus (OMIB/SMIB) setup as shown in Fig. 3.
This is to provide a proof of concept for the adaptation on active
and reactive power control on one SPI. This proof of concept
paves way for scaling to a larger system to perform various
tests with a real grid model. The performance comparison of the
controller is based on digital simulation. The simulation results
presented are with the nonlinear switching model of the inverters
for the different types of controllers compared. The linearized
model was primarily used to simplify the control design.
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A. Proof of Concept: OMIB

The dc module consists of a photovoltaic (PV) battery system
rated for 1.5 kW and 1000 V dc with the ac side connected to a
constant voltage source or infinite bus at 230 V. The comparative
studies are performed for the PI and the adaptive controller based
on active and reactive power tracking capability under varying
grid conditions.

1) Case 1: Active and Reactive Power Tracking With Arbi-
trary References: Figs. 4 and 5 compare the active and reactive
power reference tracking performance of the proposed controller
with the conventional PI controller. PI controller for the SPI has
been tuned based on the system state-space model presented in
(11) and (12). The controller is optimized to have an overshoot of
less than 20% for step changes and with a settling time of 0.1 s. It
can be observed from Figs. 4 and 5 that the proposed controller
has a better dynamic response in terms of less overshoot and
lower settling time as compared to the conventional PI-based
control. Also, note that the proposed controller did not assume
prior knowledge of the system parameters as opposed to the
PI controller, which required prior knowledge of the system
parameters for proper controller tuning. The results show that
the proposed system identification based control can be a better
alternative to the existing vector control scheme for the SPL

2) Case 2: Controller Performance During Voltage Sag:
Fig. 6 presents the active and reactive power graphs with a
presence of voltage sag on the grid at the 1.5-s mark. The voltage
sag is on the grid side, which is a 10 cycle sag that lowers the
grid voltage from 0.99 to 0.8 p.u. When the sag occurs, the
low-voltage ride-through capability of the inverter tries to keep
tracking the power output reference. Observation from the figure
shows that the capability of the adaptive technique is comparable
to the PI control. Active power overshoot with the conventional
PI control is much larger compared to the adaptive controller
and shows better convergence to the setpoint during and after
the sag.

Authorized licensed use limited to: University of North Carolina at Charlotte. Downloaded on November 28,2022 at 14:25:44 UTC from IEEE Xplore. Restrictions apply.



4294
1.5F 'h j
"y
5 [P
g 0.5¢f
~ 1
o ] N
0 I|l I:' :I' (i —P adaptive
" — -P reference|
-0.5 ! 1 L 1 v 1 ~ -PPI
0 0.5 1 1.5 2 2.5 3
Time (seconds)
Reactive Power during Voltage sag
HE 1 3 HE J —Q adaptive
1| Wh I - -Q reference|
Bl
205
o 0
-0.5 : 1 L | E
0 0.5 1 1.5 2 2.5 3
Time (seconds)
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voltage sag.
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Fig. 7. Case 3 for OMIB: Active Power comparisons when feedback noise is
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Fig. 8. Case 3 for OMIB: Reactive power comparison when feedback noise

is introduced.

3) Case 3: Controller Performance With Measurement
Noise: Adaptive control is dependent on the measurement of
the system’s input and output data. Any variations and noise in
the measurements can cause the controller to malfunction and
compromise the power tracking capability. Therefore, a test is
performed in the presence of the noise in the measurements.
Figs. 7 and 8 show the active and reactive power tracking or the
PI and adaptive controller in the presence of the measurement
noise. The minimum variance adaptive controller has a better
steady-state tracking performance than that of the conventional
PI in the presence of measurement noise. This feature is crucial
as the feedback measurements can include noises coming from
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DER Connection- 1 SPI per phase on node 21, 42 and 97 of 50 KVA rating
(Details as shown in Figure 1)

Fig. 9. Modified IEEE 123-bus system.

inverter switching, fast changes from the load and, generation
sources like PV.

B. Scalability: Study With IEEE 123 Bus system

The scalability of the proposed architecture is tested using a
modified IEEE 123 Node Test Feeder (see Fig. 9). The power dis-
tribution system from [32] is modified to include DER connected
SPI’s as indicated in Fig. 9. The nature of this system is that it is
inherently unbalanced. So the application chosen is power and
voltage balancing. The dg based SPI controller with the proposed
architecture is connected to bus 21 (inverters 504, 505, and 506),
bus 42 (inverters 501, 502, and 503), and bus 97 (inverters 507,
508, and 509) on all the three phases (total nine inverters). The
inverters have a power rating of 50 kW at 2.4 kV. The power
balancing is based on (32) and (33). For comparison purposes,
two controllers are used. First, PI controllers are used with
retuned best parameters based on the same process discussed in
Section II-C. Also, a PR controller is designed for comparison
purposes. The PR controller is based on the basic controller
formulation shown in [33]. The control signals were adapted to
the control architecture shown in Fig. 1 for a clear comparison in
the a3 reference frame. In the following section, the simulation
results showcased are for inverter 501. This is because, the other
inverters (502-509) portray a similar dynamic response to the
changes provided, as seen in the following cases.

1) Case 1: Active and Reactive Power Tracking With DERs
Attached to the 123-Bus System: Two subcases are illustrated
in this case. In Case (a), tracking ability of active and reactive
power of the proposed controller compared to PI gains tuned
based on SMIB is illustrated. Fig. 10 compares the tracking
performance of the PI, PR, and adaptive controllers. Inverter
501 attached to bus 42 is taken as the reference. It can be seen
that PI and PR control for the SPI's active and reactive power
control is comparable in tracking the references provided to
the outer loop. However, when connected to the IEEE 123 bus
system their performance deteriorated. The adaptive control,
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Fig. 10. Case 1 for unbalanced application: Bus 21 active and reactive power

balancing capability comparisons

TABLE II
PERFORMANCE ANALYSIS OF CASE 2 OF SYSTEM SCALIBILITY AND
CASE 3 OF OMIB IN SECTION IV

Controller  Steady State  Steady State % Improvement
Yoerror P Yoerror Q w.r.t OMIB PI control
Case 2 P&Q
OMIB PI 15% 10%
PI 3.6% 5% 76% 50%
PR 4% 5.6% 73% 44%
Adaptive 3% 42% 80% 58%
Case 3 P&Q
PI 1.35% 3.5% 91% 50%
Adaptive 1.26% 3% 65% 70%

on the other hand, has a better performance comparatively.
Quantitative comparisons are shown in Table II. In Case (b),
active and reactive power tracking are compared with PI gains
based on the IEEE 123-bus system configuration (see Fig. 11).
It can be seen that the proposed adaptive control architecture
has similar characteristics but faster convergence, lower under
and overshoot, and flexibility of implementation to any generic
inverter topology. This is also exemplified by the results in
Table II.

2) Case 2: Active and Reactive Power Tracking During Volt-
age Sag: Fig. 12 shows the active and reactive power compar-
ison during the presence of a grid voltage sag where the grid
voltage goes from 0.99 to 0.8 p.u at 2.5 s. It can be observed
that the adaptive controller has a good low-voltage ride-through
capability and shows better convergence to the setpoint once the
sag is cleared.

3) Case 3: Active and Reactive Power Tracking Under Os-
cillatory Reference Change and Voltage Sag: Fig. 13 shows
the tracking performance of the PI and proposed controller
under random oscillatory reference and voltage sag conditions
similar to that of Case 2. In this case, even though the active
power tracking is comparable with PI-controller, the proposed
architecture shows the better performance in active and reactive
power tracking.
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Fig. 11. Case 2 for unbalanced application: Bus 21 and 97 upstream Active-
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Fig. 12. Case 2: System scalability: Active and reactive power tracking
comparisons during voltage sag with PR and re-tuned PID parameters.

Table IT summarizes the quantitative analysis of the controller
performance compared to the retuned PI and PR controllers for
scalibility and OMIB studies. Steady-state error was determined
after 20 ms of any form of perturbation given to the reference
set-points; so that each controller can be compared on an equal
criterion. It can be seen that the proposed architecture shows the
superior performance when compared to other controllers.

V. APPLICATION TO UNBALANCED THREE-PHASE SYSTEMS

Reactive power generation by inverters is a valuable commod-
ity for the grid, and controlling the inverter output powers can
help quench some of the issues related to voltage dynamics. In
this section, the focus is on utilizing the proposed architecture to
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TABLE III
PERFORMANCE ANALYSIS OF CASE 1 IN SECTION V

Controller Steady State  Steady State % Improvement

Time (seconds)

Fig. 13. Case 3: System scalability: Active and reactive power tracking
comparisons during voltage sag with varying reference PR and re-tuned PID
parameters.

ETE\

Fig. 14. Real-time hardware test bed for the studying IEEE 123-bus system.

mitigate the power unbalance and improve voltage dynamics and
deviations from the nominal voltage. The application of inverter
control in unbalanced systems is performed using the OPAL-RT
RT-lab setup as shown in Fig. 14. Here the IEEE 123 bus system
is simulated in the OP4510 real-time simulator, which in the
future will provide a base setup for power hardware in the loop
simulations. The following cases in the following section are
performed in the RT-lab testbed.

A. Case I: Phase Power Balancing With Adaptive
Controlled SPIs

For this study nodes 42, 21, and 97 have single-phase grid-tied
inverters as shown in Fig. 9. These inverters can control the
output active and reactive powers flowing out of the GCIs. To
control or dictate the power generation, the references are created
by using the upstream power. For this purpose, buses 42, 21,
and 97 have power meters connected, which measures active
power and the voltage. Here, P,, P, and P.,Q,, @, and Q.
are the active and reactive power flowing through each phase.
The setpoint is the average power calculated using (33 and (34).
Here, P, and Q;,y, represent active and reactive power output

Yoerror P Yoerror Q w.r.t PI control
" hoormt Inverters at Bus 42 P& Q
o pent ::ap PI 1.84% 3.43%
Adaptive 0.6% 1.2% 71% 65%
PR 21% 3.8%
. Inverters at Bus 21
[ e reaho PI 2% 2.42%
- Qact 501 I Adaptive 0.56% 0.89% 72% 63%
Qact 501 PR 2.3% 4%
Inverters at Bus 97
PI 1.72% 2.6%
Adaptive 0.68% 0.91% 60% 65%
PR 2% 3%

of the inverter attached to phase a and Pt and () 4ref are power
references for the same inverter. Similarly, these references can
be generated for the inverters on the other two phases as well.
For the following cases, the inverters start to participate at the
1-s mark of simulation time

P,+ P, + P,
% - ana = L aref

w - Qinva = Qaref-

When the GCIs intervene, the active and reactive powers seen
upstream converge and stabilize the average value of the active
and reactive power, respectively. It can be seen that the phase
power is not balanced. In Fig. 10, “P PI” and “P adap” curves
show the upstream powers when the powers are supported with
SPIs. Please note that simulation results in Fig. 10 only show
bus 21 results, as the other two buses show similar behavior.
It can be seen that the power from the adaptive controlled
SPIs shows better tracking and balancing as opposed to PIL.
This can further help in regulating the voltage, as removing
power unbalance from the system improves the overall system’s
stability. The adaptive controller from Fig. 10, has a smoother
transition toward balancing out the upstream reactive powers
than the PI controller. This steady-state error does not show in the
traditional active and reactive power tracking but when there is a
supervisory or an extra controller driven setpoint generation, the
performance deteriorates. The adaptive controller steady-state
error for active and reactive power tracking is 0.56% and 0.89%,
respectively, which is an improvement of 71% and 63% from
PI control. The steady-state errors are observed after 20 ms of
perturbation or reference set-point change so that each controller
efficiency is judged based on equal criterion as explained earlier.
The performance analysis of the proposed control architecture
is summarized in Table III. It can be seen that with the proposed
architecture an improvement in performance of more than 50%
is achieved.

(33)

(34)

B. Case 2: Voltage Unbalance Mitigation

In this case, the voltage is monitored and corrected by the
inverter at the point of common coupling. The error generated
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TABLE IV
PERFORMANCE ANALYSIS OF CASE 2 IN SECTION V

Control Steady State % Improvement
Voltage %error  w.r.t PI control
Bus 21
PI 0.29%
Adaptive 0.28% 3.4%
Bus 42
PI 0.2%
Adaptive 0.185% 7%
Bus 97
PI 0.25%
Adaptive 0.24% 4%

by the measured voltage with the required reference is provided
to the reactive power loop of the inverter. The voltage control
loop has a PI controller that takes the voltage error as the input
and generates the corresponding g-axis current reference for
the inner loop. As seen in (10), the reactive power generation
depends on the d-axis voltage and the g-axis current at the LC'
filter. The required reactive power for complete mitigation or
balancing voltage might be different or higher than the rating
of the inverter, but having the GCI help regulate the voltage up
to the rated capacity of the GCI is the main objective here. Our
single-phase DER inverter system is rated for 50 kW, therefore,
when there is no active power demand, theoretically, the reactive
power support by the GCI can be up to 50 kVAR. It can be
seen from Fig. 11 that the proposed architecture can improve
the voltage very effectively. Table IV shows the qualitative
improvement when compared to the PI controller. It can be seen
that a minimum of 3% overall improvement in the voltage can
be attained.

VI. CONCLUSION

This article presents power and voltage unbalance mitiga-
tion methodology, provided by an adaptive minimum variance
control based single-phase GCI. First, the model of the SPI
in the grid following mode and the design of the proposed
controller is illustrated. The adaptive control shows the better
dynamic performance and noise rejection capability compared
to the conventional PI control for an SMIB system. The proposed
controller can adapt to the system topology change, unlike the
PI controller, whose gains have to be retuned depending on the
system. The control architecture is simple and allows flexible
active and reactive control for the SPI. Second, the article
presents a method to help mitigate the unbalanced nature of
the three-phase system through the contribution of these SPIs.
Using the active and reactive power control ability of the SPIs,
the line power unbalance is mitigated completely. Third, this
article presents the power and voltage balancing method using
the readily available reactive power of the SPI to minimize the
voltage error and improve the voltage profile of the system in
conjunction with the active line power balancing. The overall
advantage and novelty are that the proposed architecture can be
used for coordinated multiple point active and reactive power
support for the power distribution system.
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APPENDIX

VA rating of SPI = 50 kVA, rated voltage = 2401 V, R; =
10°Q,Ly; =10°H,R.=10"*Q,C=6.6 uF, L, = 107> H,
R4 =0.033 2, dc-link voltage = 1000 V, grid nominal frequency
= 60 Hz, inverter swictching frequency = 20 kHz. System
identification time step = 0.5 ms. MV C control time step = 5 ms.
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