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Isochronous Architecture-Based Voltage-Active
Power Droop for Multi-Inverter Systems

Sourav Patel
Blake Lundstrom

Abstract—This article proposes an isochronous architecture for
parallel inverters with only voltage-active power droop (VP-D)
control for improving active power sharing as well as plug-
and-play of multi-inverter-based distributed energy resources
(DERs). The isochronous framework obviates the need for an
explicit regulation of the frequency while allowing for sharing
of reactive power. The article demonstrates that the detrimental
effects of circulating currents between inverters can be addressed
in the framework developed. The isochronous architecture is
implemented by employing a GPS to disseminate clock tim-
ing signals that enable the microgrid to maintain the nominal
system frequency. Small signal eigenvalue analysis of a Multi-
inverter Microgrid system near the steady-state operating point
is presented to evaluate the system stability. Moreover, unlike
traditional droop-based methods, the isochronous strategy lends
itself to analytical guarantees which are developed in the article.
Furthermore, the effect of delays in receiving GPS clock signals
by an inverter is experimentally characterized and an inverter
isolation mechanism is proposed that disconnects inverters fac-
ing large GPS communication delays. Hardware experiments
on an 1.2 kVA-prototype and controller-hardware-in-the-loop
validation on the CIGRE distribution network are conducted
to demonstrate the effectiveness of the proposed architecture
towards active and reactive power sharing between inverters with
various load scenarios.

Index Terms—Common-clock/GPS, low-voltage multi-inverter
microgrid, virtual impedance, voltage active power droop.

I. INTRODUCTION

MODERNIZATION of rapidly dispatchable DERs to
provide demand response and ancillary services are
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Fig. 1. Microgrid with DERs interfaced with DC/DC converters and VSIs
with control, to regulate voltage and frequency at PCC and power sharing
between DERs, terminated at AC loads.

transforming emergent microgrids into advanced microgrids
enabling additional flexibility, resilience and reliability for
local resources as well as support of the large scale grid when
connected [1]. These multi-inverter microgrids (MMGs) [2]
are systems that allow interaction of various DERs such as
photovoltaics (PV) and battery energy storage systems con-
nected to loads with DC/DC converters and DC/AC inverters
(referred to as voltage source inverters (VSIs)) at the point of
common coupling (PCC) as shown in Fig. 1. MMGs can be
operated in both grid-connected as well as islanded modes. In
the islanded mode, DERs support local loads in the microgrid
through either centralized, distributed or de-centralized control
architectures. Such controllers are employed either locally at
individual DERs or at the microgrid level and are respon-
sible for, stabilizing microgrid voltage [3], [4], maintaining
power quality [5] with plug-and-play capabilities [6], appor-
tioning load between various distributed generations (DGs) [7],
and primary frequency response support [8]-[10]. However,
control of VSIs in MMGs pose the additional challenge of reg-
ulating system frequency and output voltage in the absence of
a stiff grid. Furthermore, these VSIs need to be controlled such
that the DERs share the load demand, satisfying active and
reactive power requirements according to a prescribed sharing
ratio. High performance in meeting these objectives are dif-
ficult to achieve due to the uncertainty in load demand size
and load schedules, and, due to the complexity that arises as
a result of the coupling of paralleled VSIs in an MMG.

A distributed and communication-less approach of control-
ling VSIs is typically achieved through droop control methods.
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These methods use measurements obtained locally at the DERs
and leverage the relationships between system voltage, line
frequency, and power supplied by the DERs to ensure reg-
ulation of voltage and frequency in the network [11]. In
microgrids with high line inductance (high X/R ratio), DERs
are generally controlled by conventional P — f and Q — V
droop control [12], [13], where P, Q, f, and V are active power,
reactive power, frequency, and voltage respectively. The droop
strategies in microgrids are motivated by the autonomous
control of synchronous generators, with large rotating inertia
directly coupled with the network that primarily rely on con-
ventional droop strategies for regulation of system voltage
and frequency. However, low voltage (LV) microgrids use
more converter-interfaced DERs, and thus, exhibit low natural
inertia with significant R/X ratio because of the small spatial
expanse of the networks [14]. Consequently, non-conventional
P—V and Q—f droop control strategies [14], [15] have gained
attention for LV microgrids with the advantages of direct volt-
age control [16] and improved harmonic power sharing [17]
compared to conventional droop control. Moreover, in order to
improve transient performance and leverage decoupling com-
pensations for droop controlled MMG, there are several works
in the literature concentrating on modifying the droop charac-
teristic equations [18]-[22]. However, these more complicated
droop characteristic equations are, difficult to analyze, give
stability guarantees, and difficult to incorporate in applications.

In traditional full droop based strategies that employ a
frequency related droop strategy (P — f or Q — f), the
droop laws are designed to allow participating DERs to
agree upon a system frequency based on the operating condi-
tions and the specified droop curves. As a result, deviation
of microgrid system frequency from nominal is inevitable.
In the case of LV microgrids that have low inertia due to
converter-interfaced DERs, the system frequency may deviate
considerably from nominal [12], [23], [24]. In order to miti-
gate the detrimental effects of large excursions in frequency,
typically, a secondary controller is employed that utilizes
communication between DERs to restore the steady state
system frequency to nominal [25]; however, complete mitiga-
tion of transient frequency deviations caused by sudden load
changes in islanded microgrids is not achieved. Frequency
regulation becomes even more difficult in the presence of
uncertain renewable energy resources. Furthermore, traditional
full droop methods suffer from the fundamental limitation of
the trade-offs between accurate power sharing on one hand
and the desire for stringent regulation of system voltage and
frequency on the other.

An alternative to traditional full droop strategies is to adopt
a half-droop strategy where only the system voltage is reg-
ulated based on the changes of active power while keeping
the system frequency constant by utilizing intelligent commu-
nication technologies such as GPS-based timing signals [26].
Reference [27] presents a decentralized control method for
meshed microgrids to allow plug-and-play of DERs. However,
additional measurements are required that render such strate-
gies difficult and expensive to implement. A power-angle
droop strategy is proposed in [24] to allow DERs to share
the power demand based on the voltage angles. However,
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one drawback of this approach is the slow dynamic response
because of delays in measuring power and obtaining voltage
angles. A local rotating reference frame based synchronization
using GPS timing signals is proposed in [28] to synchro-
nize DERs utilizing the direct and quadrature-axis components
of the reference voltage and output current which involve
additional computations that can be avoided in single phase
MMGs. Similarly, [29] proposes an augmented strategy where
the GPS timing signal is used in conjunction with an adaptive
Q —f droop characteristics as a backup to ensure stable opera-
tion of the microgrid during GPS interruptions. Reference [29]
uses a voltage-current droop law for maintaining active power
sharing whereas in this article the active-power and voltage
coupling of LV microgrids is used for controlling active power
sharing.

In this article, we propose using only VP-D control for
voltage regulation and address frequency regulation by pro-
viding a common timing signal from a GPS receiver to all
the inverters. The framework developed enables generation
of a common frequency reference for all the inverters and
avoids the need for explicit frequency control and obviates the
need for communication between inverters. Conventionally,
P—V/Q—f droop characteristics results in an inevitable devi-
ation in system frequency as a result of which the designed
controllers are affected if the system frequency is off-nominal
due to the Q-f droop characteristics. A GPS based isochronous
VP-D half droop controller allows the system frequency
to be always maintained at nominal thereby resulting in a
better decoupling of the active and reactive power control.
Moreover, the half-droop is easier to implement on low cost
controller devices due to reduced complexity of the controller
design. Additionally, the dependence of VSI output voltage
and current on network parameters such as droop gains, line
parameters can be obtained analytically, in closed-form, that
allows for better design of the controllers for MMGs and
provides insights on the effect of various parameters on the
stability and performance.

In contrast to existing GPS-based methods [27], [29], our
approach simultaneously achieves multiple objectives includ-
ing reduced circulating currents between VSIs with better
voltage regulation, reduced complexity due to the absence of
phase locked loops (PLL) required for frequency synchroniza-
tion and plug-and-play of VSIs. The main contributions of the
proposed isochronous architecture are summarized as follows.

1) Access to common clock pulses in this architecture
enables operation of the Multi-inverter Microgrid (MMG) at
a single frequency even in the presence of system distur-
bances. VP-D control decouples voltage regulation objectives
from frequency variations thereby alleviating issues such as
frequency dependent control resulting in poor voltage regu-
lation and poor disturbance rejection. The architecture also
enables improved start up transients, reduced circulating cur-
rents between participating VSIs and easy plug-and-play of
VSIs in the MMG.

2) The architecture does away with issues stemming from
active frequency-regulation in full-droop methods. VP-D con-
trol allows direct control of active power with regulation of
voltage magnitude. The resulting control law guarantees that
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the parallel inverters share reactive power such that deviations
from desired reactive power sharing remain bounded while
serving a common load even without explicitly controlling the
reactive power flow. The resulting controller design is simpler
as no explicit Q — f control is required.

3) The proposed framework facilitates a comprehensive
analysis that provides: i) delineation analytically of how cir-
culating current between VSIs depends on output voltage
regulation error; ii) small-signal based stability analysis of the
ac microgrid by having access to the common clock signal to
generate o — 8 components without added complexities of PLL
dynamics. These provide useful design guidelines for selecting
droop gains and virtual output resistances to maintain system
stability.

4) A VSI isolation mechanism is proposed to allow VSIs
to detect locally, delays in GPS signals (with respect to a tol-
erance value) and the ability to disconnect from the MMG.
The resulting flexibility in provides delay tolerance based
on performance requirements of the MMG. Furthermore, the
effect of GPS communication delays on MMG is studied
experimentally and characterization of time delay is obtained
for the operational stability of the MMG.

Results show that the proposed architecture exhibits
improved transients over full-droop implementations during
start-up and different plug-and-play scenarios. Accuracy of
active power and reactive power sharing is observed to
improve whereas circulating currents among inverters greatly
reduced. Moreover, the transient response time to reach steady
state improved in proposed VP-D architecture when compared
to full-droop control. Moreover, the proposed VP-D control
exhibits tighter regulation of the PCC voltage regulation during
plug-and-play of the MMG system. Experimental results are
provided for a system of two 0.6 kVA inverters under differ-
ent load variations and sharing ratios to validate the feasibility
and effectiveness of the proposed isochronous architecture.

The rest of the article is organized as follows. Section II
describes the system and control architecture. Section III
provides analytical results for the multi-inverter system, and
Section IV presents simulation, experimental validation on a
two-inverter microgrid network and CHIL experiments on the
CIGRE distribution network. The effect of delay in receiv-
ing GPS signals and an inverter isolation mechanism are
also proposed in this section. Finally, Section V summarizes
observations and insights that highlight this work.

II. SYSTEM DESCRIPTION AND CONTROLLER DESIGN

This section provides the details of an LV resistive MMG
network containing N parallel VSIs, serving a common load,
71, connected at a single point of common coupling (PCC) as
shown in Fig. 2. Each inverter in the MMG includes a com-
munication module that receives synchronized clock pulses
from the GPS segment [30] through a GPS receiver. These
clock pulses are then used by the proposed outer VP-D con-
trol to provide a synchronized sinusoidal reference voltage
signal to inner-loop controllers located at each VSI forming
the isochronous system architecture. We begin our discus-
sion by describing first the dynamics of the k" single inverter
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system and the controllers employing the proposed control law
for achieving output voltage regulation and load disturbance
rejection through a cascaded multi-loop control architecture.

A. Single Inverter System With Multi-Loop Control Design

A single phase H-bridge inverter with an output LC filter is
connected to load Z; through a line resistance r¢. The VSI is
modeled as a controllable voltage source, Vi, by employing
an average model of the inverter [31]. The dynamics of the
k™ VSI are described as:

Lk% + Rrirk = Vinvk — Vi, Ck%k =irk — ik
where Vink, ik, vk, and i; are average values over one
switching cycle (7) of control signal, inductor current, output
voltage, and output current, respectively (See Fig. 3). Taking
Laplace transforms and eliminating Iy x(s), we get,

Vi(s) =

Vi
LiCis? + Ry Cys + 1 vk (5)

Gvinvk
(Lis + Ry)

— I (s). 1
LiCis? + R Cys + 1 k() M

Gik
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The control design objectives are to: i) regulate the output
voltage of the inverter (V) to track a reference signal (Vi4);
ii) regulate the output inductor current of the inverter (I;) to
track a reference signal (Ir.p); iii) reject disturbances due to
load variations. We propose the following control law:

Vinvk () = Kreﬂ< Vreﬂc (8) — Ky Vi (s) + Kigdi (s), ()
where Krejk = KeurkKvoik,» Kok = Krefk + KeurksCr — 1, and
Kix = —KyexRy. As shown in Fig. 3, the control law takes

the form of cascaded voltage and current controllers.The outer
voltage controller, K, acts on a sinusoidal reference signal
provided by the outer droop law with the incorporation of a
voltage drop, ixR,k, on a virtual resistance, R,. A feed-forward
of the line current, i is used to minimize inrush currents and
improve the transient response of the outer voltage controller.
The output of the voltage controller, Iy, provides the sinu-
soidal reference current signal to be tracked by the inductor
current which generates the controllable voltage signal, Vi,
for the k" VSI. The main advantages of the inner-outer loop
structure are the decoupled design of the fast inner current
controller and the slow outer voltage controller as well as the
increased robustness of the VSI to load variations. By com-
bining (1) and (2), the closed-loop averaged output voltage
dynamics of k™ inverter are given by:

Vi(s) = Gr (Vi () — Rukdi(9)) (5) — Zili (s), 3)

where Gy = SkGy,, Krepe, Sk = (1 + Gv,-m,kak)_l is the sen-
sitivity transfer function, Ty = 1 — Si is the complementary
transfer function, and Zi(s) = SiGjr. Note that, Z;(jwgy) =
(1+ le.m,kak)*lGikh:jwo is the equivalent Thevenin output
impedance of the k™ inverter at the fundamental frequency,
wo = 2760 rad/s. The primary control objectives thus trans-
late to Gy (jwo) = 1 for voltage regulation and the closed-loop
inner- current loop transfer function from /.. to Irx be such
that Tlrgfk—>1Lk(fw0) ~ 1 and Z;(jwog) < 1. The current-control
and voltage-control designs are based on the internal model
principle [31], [32], where the controllers K.« and Ky, are
designed to have poles s = jwo and loop-shaping-based
design to cancel the pole located at s = Ry /Ly by the current
controller. Moreover, the design ensures proper separation in
bandwidth of both the controllers (current control loop has
the larger bandwidth), which enables the inner current loop
to make the inductor current I to track the reference current
Liefy.

An output virtual resistance loop [17] is also adopted to
alleviate the sensitivity of active power sharing to the line
and output impedances. Here, the virtual resistance, R, is
designed to dominate the line impedance of the k" VSI, ren-
dering the design insensitive to line and filter parameters.
However, R, is bounded above to ensure VSI output volt-
age regulation to be within prescribed limits as larger R,x
results in larger regulation error by reducing V,x. When we
need to emphasize the fundamental frequency, wg, we make
the following assumption.

Assumption 1: In Fig. 3 the following conditions are met:

1) vy () and ix(f) are sinusoidal with frequency wp.

1
2) Ko (s) has poles at tjwg. ( - is a factor.)
52 + wy;
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3) The closed-loop system from reference voltage, v, (s),

to output voltage, vr(s), is stable.

The following theorem shows that if all external inputs (i.e.,
Vrefr (1) and i (?)) to the system are sinusoidal with frequency
wp, then the inverter voltage follows the sinusoidal reference
vk (t) with zero steady-state error.

Theorem 1: Under Assumption 1, the closed loop system
in steady state satisfies,

Vi(®) = v (1) = Vie (1) — Rygip (0).

Furthermore, Gi(jwg) = 1 and Zx(jwy) = Rk in (3).
Proof: See Appendix. |
The theorem above establishes the performance of the
proposed VP-D controller towards regulation of output voltage
and disturbance rejection of output line current for an inverter
at the nominal frequency.

B. Outer Voltage-Active Power Droop

The sinusoidal voltage reference signal, V,.x(s), used by the
inner multi-loop controllers is generated by the proposed VP-
D control law. The proposed droop law does not facilitate any
explicit control on reactive power (Q) unlike full droop control
methodologies where active and reactive power are controlled
separately by controlling voltage and frequency respectively.
The VP-D law for the k" VST is

Ex = E* — m(Px — P}), 4)

where Ey, E*, ny, Py, and PZ are inverter output voltage mag-
nitude, reference output voltage magnitude, droop coefficient,
measured output active power, and reference active power of
the k" inverter. Here, Vrefi (1) = Ey sin(awot). To control E, it
is necessary to measure Py which is usually achieved by mea-
suring instantaneous power (i.e., px = vk (#)ix(¢)) and passing it
through a first order low pass filter (LPF) with bandwidth wp
which is designed to be much smaller than the voltage control
loop. Reference [33], a preliminary version of the results in
this article, obtains a near-exact solution for determining the
active power for a single VSI serving a load.

C. Full Droop Architecture

In AC microgrid during islanded mode, grid-forming VSIs
are operated in voltage control mode to perform the tasks of
regulating the PCC voltage and frequency. Level 1 or primary
control of the microgrid provides the reference voltage and
frequency set point to the controllers of grid-forming VSIs.
These control methods are usually implemented either by
using the communication-based active load sharing techniques
or by mimicking the droop characteristics of a conven-
tional synchronous generator system followed for multiple
interconnected synchronous machines. The common droop
characteristics used for multiple interconnected synchronous
machine-based system use linear dependence slopes for the

i unit as n; and m; selected as:
i — InL _fFL’ (5a)
Prp.i
Ve =V,
m; = INL T TFL (5b)
OFL,i
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where, fyr, Var and fgr, Vpy are the steady-state frequency and
RMS voltage of the system at no-load and full-load respec-
tively. Prr; and Qpy; are the full-load active and reactive
power capacity of i unit. For both frequency-active power
and voltage-reactive power droop it can be shown that the
active and reactive power sharing ratio among generating
units can be controlled by properly choosing the slope of the
characteristics.

Chandorkar et al. [34] first proposed the droop
characteristic-based independent, autonomous, and wireless
control of multiple VSIs by eliminating the inter-
communication links between them. The droop characteristic
equations for VSIs used in [34] are as follows:

w = o* —ni(Pi — P}),
V=V"—m(0i - 0f),

where, w*, V* are nominal system frequency (in rad/sec) and
nominal system voltage (RMS) respectively. P}, QF are active
and reactive power reference set-points respectively of the i
VSI. n; and m; are the corresponding droop coefficients and P;
and Q; are output active and reactive power outputs of i/ VSI.

In [34], the droop characteristic-based control is directly
adapted for multiple VSIs in an islanded microgrid by mimick-
ing the interconnected synchronous machine case. However,
the behavior of droop-control in an islanded microgrid is com-
plex where its precise and accurate operation rely significantly
on the VSI control techniques, its parameters and microgrid
network parameters.

(6a)
(6b)

D. GPS as Timing Signals

Apart from providing navigational data, GPS systems can
provide accurate clock signals for civilian usage via the
Standard Positioning Service (SPS). SPS is available for civil-
ian use and has an accuracy of 340 ns. GPS-SPS satellite
signals contain digitally modulated information in the car-
rier wave and the GPS signal contains clock pulse data. GPS
receivers can compare the clock pulses received from the GPS
satellite m and compare it to a local clock to obtain a time dif-
ference, which we denote as A1, [26]. Inherent clock biases,
Cp, are always present due to deviations in local clock and
GPS clock. At any given instant the coordinates of GPS satel-
lite m are known, we can determine the spatial position of the
receiver (user) and the clock bias uniquely, with signals from
four different GPS satellites, given as the solution to:

(Xm — xr)z + Om — yr)2 + (zm — Zr)2 = (cAty — Cb)27

where [X;, Ym, zm] for m = {1, 2, 3, 4} are the x, y and z coor-
dinates of the four satellites at any given time, c is the speed of
light and [x;, y;, z,] are the spatial coordinates of the receiver.
If Cp, is known then receiver (in this case a VSI) can accu-
rately obtain universal coordinated time (UTC) required to
synchronize with the accurate universal clock. GPS is used
to obtain absolute time, time interval and frequency with
precision up to hundred of nanosecond (ns) [30]. Low cost
GPS modules can obtain time-stamping even triggers to about
50 nanosecond accuracy in Coordinated Universal Time (UTC)
between widely separated sites [35]. GPS receiver modules
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have the ability to measure high precision timing signals which
are readily available and inexpensive making them an ideal
candidate for time synchronization applications. We emulate
low-cost Raspberry-Pis as GPS receiver modules (described in
detail in Section IV) to receive timing signals from an emu-
lated GPS. It is assumed here that there is accurate and precise
synchronization of the real-time clocks of the networked dis-
tributed devices to the common clock and is compliant with
IEEE 1588-2008 standards [36].

E. Isochronous Architecture

An isochronous architecture can be achieved by providing
a common timing signal from the GPS-SPS to all VSIs in
the network. Based on the position of the VSI receiver, each
VSI can thus determine its clock bias, Cp, and thereby obtain
timing pulses with high accuracy. The advantages of such an
architecture over frequency droop are delineated earlier in this
article.

It is imperative that such an architecture be robust to any
momentary loss of access to the common clock by one or
more inverters in the system. Mitigation of such scenarios can
be achieved by employing a corrective mechanism, for exam-
ple by employing a local clock at each VSI for satisfactory
operation. This is possible since a local clock can provide a
reasonable estimate of GPS time signal, eventually shifting the
operating point in response to load changes causing degrada-
tion in power system performance. For conditions of continued
signal loss, the VSI unit cannot participate in system wide load
sharing and should be isolated from the rest of the system.
A radio reference signal is used in [37] in order to mitigate
system wide loss of GPS reference signal. Similarly, [38] uti-
lizes three different PLL structures to guarantee robustness
versus delay or loss in communication to synchronize the
phase and the frequency of all of the devices connected to
the microgrid.

In order to mitigate the uncertainty in GPS communication,
a VSI isolation mechanism is also proposed to allow VSIs to
detect locally, delays in GPS signals (with respect to a toler-
ance value) along with the ability to disconnect from the MMG
to maintain operational stability of the system. This article,
however, mainly focuses on analyzing and obtaining system
performance guarantees assuming clock synchronization is
reasonably maintained at all times.

III. MULTI-INVERTER SYSTEM ISOCHRONOUS OPERATION
A. Performance of Individual Inverters

In this section, the performance of the multi-inverter system
with the proposed VP-D approach is analyzed. A benefit of
the VP-D approach is that reactive power sharing among indi-
vidual inverters is maintained within a bound without having
control of reactive power explicitly defined as a control objec-
tive. Theorem 2 provides analytical expressions for output
voltage and line currents of networked VSI units.

Theorem 2: If the conditions of Assumption 1 hold, then
for any complex load Z; for the network shown in Fig. 2,
the steady-state voltage and current at the output of the k'
inverter are, respectively, v (f) = Vi sin(wot + ¥y) and i (t) =

Authorized licensed use limited to: University of Minnesota. Downloaded on June 22,2022 at 00:57:16 UTC from IEEE Xplore. Restrictions apply.
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I; sin(wot + ¢r), where,

E. sin Z«

Vk
, tangy = —————
rk"‘Rvkr;rm‘i‘Rvm COSZO(—ﬁ

e
Vi =\ (B — Rl + (Rudi)?, tan y =

I =

sin ¢y

E
cos ¢y — Rl

+ Zm(rm+Rvm)_1a
Ve o= \/(ﬁk — |a|cos Za)? 4 |@?|sin® Lo, B =
Ek(ZnN1=1 En(rm + Rvm)il)iy

Proof: See Appendix. |

Corollary 1: In the case of purely resistive load, i.e., Z; =
Ry, the steady state voltage and current at the output of the
k" inverter are vi(t) = Visinwot and ir(t) = I sinwot for
Vi, Ir € R4. In other words, phase lags ¢y = ¥ = 0.

Proof: From the expression of « in Theorem 2, it can be
clearly stated that if Z; = Ry, then « is a pure real number
and thus Za = 0. Therefore,

tangy =0 — ¢py=0 = tanyyy =0 = Y =0. A

Remark 1: One of the outcomes of Theorem 2 and
Corollary 1 is that with the assumed control architecture and
without any explicit control of reactive power, there will be no
extraneous reactive power flows if the load is purely resistive.
This also holds true when there is an active power mismatch.
This is validated and elaborated in Section IV-B and Fig. 11(a).

Remark 2: Tt is important to note that Theorem 2 provides
analytical expressions of output current and output voltage
of a single VSI when connected to an MMG. The direct
dependence on line parameters, virtual impedance parameters
and regulation of voltage at PCC is evident; such analytical
insights are difficult to obtain in the conventional architec-
ture. This forms the basis for designing parameters to largely
improve active power sharing between VSIs. This is validated
in Section IV-C.

where, o~! = z;!

B. Design Guideline for Droop Coefficients

In the following theorem the phase difference between
inverter currents i, and i; is characterized in the general setting
for complex linear loads.

Theorem 3: Let & = B2E 5 = (81...6v)7, &, =
NI W 250
Wty 7 LI 1+2z11
conditions of Assumption 1 hold, then the phase ¢y of i differs

from the phase ¢; of i; according to:

(ﬁ . Suppose the

tan(¢x—¢;)
Img(v) 2
B 1+£76
1+5k 1+8j
Re(v)————— | [ Re(v)— ——L— | +Img?
Proof: See Appendix. |

Remark 3: For purely resistive load, tan(¢y — ¢;) =0 as v
becomes real which also follows from Corollary 1.

Remark 4: Theorem 3 can be extended to show that to
ensure the phase difference in the inverter currents to be small,
the values E; have to be close to E*. Indeed, for the phase
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TABLE I
STATES OF THE MULTI-INVERTER SYSTEM

Parameters States

Droop & LPF Py

Voltage Controller Pk, dg
Current Controller Vk,dg

LC filter iLk',dq7 Vk,dg
Line parameters ik,dgq

Load, Zp, iLoad,DQ

difference of the currenlts to be smaller than € « 1, it follows

that |8 — §j| < e%
is the p.f. of the load, Z;.

Remark 5: The expression for §; depends only on E,
whereas all other parameters are load and network parame-
ters. Moreover, the deviation of Ej from E* is dictated by
the outer droop law. Thus, this analysis aids the appropriate
choice of n; and the allowable mismatch from the reference
active power P}’(‘ that is to be delivered, for example., select-
ing droop gains n;, n; for any two inverters i,j, such that
ni(Pf — P) = nj(Pj’-" — P;) will keep reactive power flows
in check.

Remark 6: Theorem 3 shows that for any two inverters j, k,
the phase difference between inverter output currents i; and i
is related to the tightness of the output voltage regulation with
regard to the reference voltage which also provides practical
guidelines for designing the droop control.

needs to be satisfied, where cos 6y,

C. Stability Analysis

One of the important aspects to be investigated for the
multi-inverter system operation is its stability. The non-
linear multi-inverter closed-loop system can be represented as,
X(f) = f(X(#), u(t)), where X(¢) denotes states of the system
including both physical variables and internal control variables
as shown in Table I and the input to the system, u(?) is vpcc(?).
The objective is to develop a small signal model of the multi-
inverter system by linearizing the above system around a stable
operating point. We consider the dj — gi axis as the local ref-
erence frame for the kK VSI operating at a rotating frequency
k. The individual VSI state equations are derived in terms
of their individual local reference frame. The local reference
frames are transformed to the global reference (D-Q) frame
which is chosen to be the PCC reference frame operating
at weom. This allows for generalizing the VP-D architecture
beyond single-phase microgrids. We first consider the state
equations of individual VSIs in their local reference frames
represented by Oy = 0.0, — Ok, Where 6O, represents the
synchronous reference frame angle at PCC and 6; represents
the deviation of the K VSI from the synchronous reference
frame (Fig. 2(b)). The translation between local dj — g frame
to global D-Q frame is given by,

To — cos O — sin O
% T 1 sin®; cosO |’

Vkdg = [Vra qu]T, irdg = [ira ikq]T, itkdg = [iLka iqu]T,
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Fig. 4. Eigenvalues of the two inverter network for stability analysis with
) changing from 0° to £10° for a resistive load.

X X,
where, kd | Te, “1. x4 and xg are the o — B components
kg B

of a given state x. For the single phase case, x5 = 0. Note
that in the case of perfect synchronization with the GPS clock
signal, 6y = O for all VSI as a result of which all inverters can
be represented in the reference frame eliminating the need for
translating each VSI’s states into the common reference frame.
Each of these VSI units comprise an outermost droop control,
inner multi-loop voltage and current controllers, output LC-
filter connected to the PCC through line impedances and are
terminated at the common load. Combining these dynamics,
the small signal state space model of the k”* single inverter
system is given as,

AXy = Ay AXi + Bi Tg! AVpceng (7

where AXy = [APx A¢rag AVidg Aitkdg Avidg Dikagl”
Combined model of the N inverter system can now be
written as [39], [40],

AX = A AX +B AVpcc.pos (8)
where AX = [AX] AX, ) AXN]T,
A = diag(Aq, Ao, ,Ay) and B =

_—
By T(gll By Tg)zl ...By T®11VJ . Considering the dynam-
ics of the lumped complex (Z) load and considering only a

resistive load for simplicity, we obtain:

N
AVecepg = Y To,AiragRL — (9)
k=1
Thus, using (9) in (8) we get,AX = (A +R;B Tp) AX,
N—

Asys

where, Tg is a matrix that captures the coupling of VSI
interconnection at PCC. Stability analysis in the presence of
a complex R — L load can be obtained in a similar manner.

The stability analysis of the system is given by the eigen-
values of Agy. For a two inverter setup the eigenvalues of the
system are shown in Fig. 4 setup configured with the param-
eters of Table III. The results are obtained for the case of
an asymmetric power sharing ratio of 2.2. The line param-
eters are chosen to be Line; = 0.2 Q + jw, 0.1 mH and
Line, = 0.2 2 + jw, 0.15 mH .

IEEE TRANSACTIONS ON SMART GRID, VOL. 12, NO. 2, MARCH 2021

TABLE II
ACTIVE AND REACTIVE POWER SHARE

Droop Line

Cotficens | Resstance | (83 | 185 | (VK | @D | Gt
o — e e 010 | 0403 | 0397 | 0304 | 0294 | 1.030
o — oo - 010 | 0475 | 0317 | 0300 | 0291 | 1032
o — 8:83? e 8:38 0.398 | 0.397 | 0297 | 0297 | 1.000
o — oo - 0o | 0416 | 0378 | 0296 | 0297 | 0999
o — 8:832 - 8:33 0394 | 0401 | 0292 | 0302 | 0.966
o — oo - o | 0411 | 0383 | 0202 | 0302 | 0966
o — e - 0o0 | 0390 | 0405 | 0287 | 0307 | 0935
o — oo - 0oy | 0407 | 0387 | 0287 | 0307 | 0935
o — 8:832 - 8:32 0386 | 0409 | 0282 | 0313 | 0.902
o — 8:8?2 e 8:ég 0403 | 0391 | 0281 | 0312 | 0.900
o — 8:83; e 8:ég 0382 | 0.413 | 0276 | 0318 | 0.868
o — oo - 0o | 0398 | 0396 | 0276 | 0318 | 0.868
o — e - 0oy | 0364 | 0431 | 0252 | 0343 | 0735
o — oo - 0oy | 0433 | 0359 | 0238 | 0332 | 0775

Remark 7: The small signal stability analysis reveals that
the stability of the system is maintained in the VP-D archi-
tecture when deviation, 6, for all individual VSI units with
respect to the common reference frame are < £5° . The pres-
ence of larger inductive loads (low p.f.) results in driving the
eigenvalues of the linearized system towards the origin.

IV. RESULTS
A. Simulation Results

To validate the viability of VP-D-based control of a
multi-inverter system, a MATLAB/SIMULINK-based switch-
ing model of two inverters sharing a common load at PCC in
a LV resistive network is simulated. The network and inverter
parameters used in the simulation are listed in Table III. Fig. 5
shows the voltage and current output results from a simula-
tion where two parallel inverters are serving a common load of
0.58 kVA with p.f. = 0.9 (lagging). Both inverters are oper-
ated with n IPi*nvl = nzP;“nV2 =2.5and P;“rwl = Pi*nV2 =250 W.
Fig. 5(a) shows that the P share between two inverters, i.e.,
Pinv, /Piny,, is maintained at 1.07. Note here that without hav-
ing a separate Q control strategy, the reactive power sharing
between the inverters is nearly even. Here, Qiny, /Qiny, is 0.88.
The mismatch between actual measured and reference out-
put active power for both the inverters, primarily because of
finite line losses, results in a small voltage deviation from E*
(around —0.5%) at the PCC. The voltage waveform at the
PCC and the output current are shown in Fig. 5(b). Fig. 5(c)
shows the circulating current between the two inverters, which
is significantly low compared to the rated output current.
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Fig. 6. MMG with VP-D for demonstrating plug and play.

1) Mismatched Line Parameters: Table. II. depicts simula-
tion results for active and reactive power sharing between two
inverters employing VP-D control when active power reference
values for outer droop laws are mismatched from actual active
power injected by the two inverters. A number of scenarios are
considered each for symmetric and asymmetric active power
sharing where total reference power commanded from each
inverter is P;"nvl = P;'anZ = 0.6 kW whereas the actual load,
Z;, is a series R-L load with R = 11.52 Q and L = 0.02293 H.
R, = 0.2 @ for both inverters. Results clearly showcase that
the reactive power share is 0.9 < o < 1.03, when the
line resistance of inverter 2, satisfies 60%ry; < rro < ril.
For the cases when the line resistances are highly mismatched
(.e., rip = 50%ry1), Qf”"l, is 0.868 with a worst-case shar-
ing ratio of 0.735 obtained when 12 = 10%ry,. This result
demonstrates the performance of the proposed architecture in
worse-case conditions toward mismatches in active power ref-
erences and line parameters as equal reactive power sharing
is desirable between the inverters.

2) Plug-and-Play Capability: A three VSI network is con-
sidered. At = 0 s VSI-1 is on and synchronized with the local
clock signal serving a load, Z;, = 3 kW (0.97 pf lagging). At
t = 0.1 sand r = 0.25 s, VSI-2 and VSI-3 set individual
clock receive flags high respectively to receive synchronized
clock pulses for reference generation. The output voltages at
the capacitor of VSI-2 and VSI-3 are thus generated at these
instants. In order to demonstrate the plug and play capabil-
ity, VSI-2 is connected to the common load and VSI-1 at

Oinvl

Simulation results of (a) P-Q share, (b) P, Q sharing ratio, (c) voltage at the PCC and inverter output currents, and (c) circulating current between

= i
r _'""""'""""'-'4_ inv1==Pinv2 =Pinw3 = Qinv1 =~ Qinv2 = Qinv3
:c>6 3 1 2 3= Qinv1 ~Qinv2 ~Qinv3
<9
15
= |
o
I T T
s 1r = e
- - Po_ P Qo Qi
Dy P Qinvy  Qims
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Fig. 7. P-Q sharing performance for the MMG with VP-D.

t = 0.2 s and VSI-3 is then connected to the rest of the
network at + = 0.3 s. Symmetric power sharing is desired
at all VSIs. Output voltages, line currents and circulating cur-
rents are shown in Fig. 6. Fig. 7 shows the symmetric sharing
of the load, Z;, with active power sharing ratio of 1 as well
as reactive power sharing ratio of > 0.95 at steady state even
when no Q control is implemented. Finally, at t = 0.4 s, a
load transition to 4.5 kW (0.97 p.f.lagging) occurs.

3) Comparison With Full Droop (P — V/Q — f): The
three VSI network as above is considered while implement-
ing a full droop architecture with P — V and Q — f droop
laws. The multi-loop controller structure is designed to effec-
tively achieve control objectives as described in Section I A,
with the same P sharing objective, network parameters and
common load to derive a fair comparison with the proposed
architecture. At + = 0 s VSI-1 is on and serving a load,
Z;, =3 kW (0.97 pf lagging). Atr =0.1sand ¢ = 0.3 s, VSI-
2 and VSI-3 are synchronized and connected to the network.
The presence of an integrator in the Q — f droop implemen-
tation results in initial transients in output voltage and current
of the VSIs that cause in higher transient and steady state cir-
culating currents. This is apparent at t = 0.1 s and r = 0.3 s
when the VSIs are turned on (see Fig. 8). At ¢ 0.4 s,
a load transition to 4.5 kW (0.97 p.flagging) occurs. The
full droop implementation also suffers from longer transient
times to reach steady state in both active and reactive power
sharing as well as poor reactive power sharing ratio (sharing
ratio of 1 is desired) during load changes and steady state
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Fig. 10. Experimental prototype for 1.2 kVA two inverter setup with common
clock and network resistances.

values due to mismatch in commanded and actual reactive
power (see Fig. 9). Meanwhile, the isochronous architecture
provides improved transient and steady state performance dur-
ing black starts, plug-and-play of VSIs and load changes even
in mismatched conditions. High power sharing accuracy dur-
ing plug-and-play and fast transient response demonstrates
the superiority of the proposed architecture over full droop
methods in MMGs.

B. Experimental Validation (Two VSI System)

Experiments are carried out in a laboratory setup as shown
in Fig. 10. The experimental configuration consists of two
single-phase insulated-gate bipolar transistor-based H-bridge
inverter units along with LC output filter and controller unit
for each, a purely resistive network, a variable common load
served by both inverter units, and a Raspberry Pi-based (RP1)
clock pulse generator. The RPi unit provides clock pulses with
precise time-stamping. Each inverter consists of a digital input
module to emulate a GPS receiver. All inverters synchronize

IEEE TRANSACTIONS ON SMART GRID, VOL. 12, NO. 2, MARCH 2021

TABLE III
PARAMETERS FOR EXPERIMENTAL PROTOTYPE

Parameters Values
Cut off frequency (wp) 1 (Hz)
Nominal Voltage/Frequency at PCC 120 V/60 Hz
Branch Resistance 02 Q
Inverter DC Link Voltage 250 vV
Inverter Filter Inductance 0.063 mH
Inverter Filter Capacitance 1 puF
Rated Power of Inverters 0.6 kVA

their local clocks, using zero-crossing detection and pulse
counting, to the RPi clock signal transmitted as a square wave.
This clock signal is then used to generate sinusoidal references
to individual inner-loop controllers. Each inverter unit is rated
as 0.6 kVA operating and utilizing a switching frequency of 20
kHz. The active power control including active power calcu-
lation and droop control, reference voltage generation, inner
voltage and current controller, and PWM generation, digital
input module are implemented on a TMS320F28335 digital
signal processor. The inverter and network parameters are pro-
vided in Table IIl. The value of the droop coefficients for
both inverters, — i.e., ny, ny are selected as 2 x 1074 V/W.
The loop-shaping controllers K., and K, are designed as
described in Section II-A with bandwidths 980 Hz and 600 Hz,
respectively, for closely tracking sinusoidal references.

To verify the proposed VP-D control of the multi-inverter
system, two case studies are conducted for experimental vali-
dation of the active and reactive power sharing performance (as
shown in Fig. 11) using the hardware prototype. Case 1 con-
siders two inverters serving a common load of Sy, = 0.87 kVA
with transition at t = 2.22 s to Sy,; = 0.61 kVA maintaining
unity power factor throughout. Meanwhile, Case 2 studies two
inverters serving a common load of S;,; = 0.6 kVA with tran-
sition at t = 2.34 s to S;,; = 0.84 kVA maintaining 0.8 power
factor throughout.

In Case 1, both inverters are assigned with asymmet-
ric active power references of P: = 0.56 kW and

invy

Pi*llV2 = 0.31 kW throughout the operation. The active power
sharing ratio of 1.8 £ 10% is maintained throughout the oper-
ation, as shown in Fig. 11(a). Moreover, the output reactive
powers of both the inverters are zero, which is a direct valida-
tion of Corollary 1. The transient time of the inverter, which
here is defined as the 90% settling time of the inverter’s out-
put current peak after a load step, is about 0.037 s (i.e.,
2.2 cycles of 60 Hz). This demonstrates the ability of the
proposed controller to inject real power into the network to
provide ancillary support to the microgrid in fast- (primary
response) timescale regimes. Fig. 11(c) shows the voltage and
output current waveforms of both inverters before and after
the load transition. There is a finite active power mismatch
(A ~ +4.44%) that causes a deviation (& +2.5%) of voltage
magnitude at the PCC from its nominal value. These devi-
ations are attributed to measurement error in active power at
relatively low power operating conditions. Fig. 11(e) illustrates
the circulating current between two inverters throughout the
operation [41]. Clearly, the magnitude of the circulating cur-
rent is significantly less than the nominal output current ratings
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of the inverters. The total harmonic distortion (THD) values of
the voltage waveform at the PCC before and after the transition
are 1.86% and 1.47%. These values are also maintained within
acceptable standards [42]. Similarly, in Case 2, the inverters
are assigned asymmetric active power references of val =
0.3 kW and Pj‘nv = 0.18 kW throughout the operation. The
sharing ratio of active power is maintained at 1.67 throughout
the operation. Moreover, reactive power is shared with a ratio
of 1.2 £ 10% without implementing any dedicated Q control
strategies throughout the operation. Fig. 11(d) illustrates the
voltage and output current waveforms of both inverters before
and after the load transition. The transient time of inverter cur-
rent is 0.05 s (i.e., 2.99 cycles of 60 Hz). Here, A &~ —5.56%
that results in a deviation (&~ —3%) in PCC voltage magnitude
from its nominal. Fig. 11(f) illustrates the circulating current
between the two inverters.

C. Design Considerations for the Multi-Inverter System

This section provides design guidelines to restrict limits
on reactive power flows for implementing VP-D control in
a multi-inverter system.

Fig. 12 shows experimental results for the variation in phase
difference (inverter currents) when an electronic load (com-
mon load in Fig. 10), Z; with apparent Power S = 0.6 kVA
is varied in power factor from p.f. = 0.5 to unity. It is impor-
tant to emphasize here that even with such a low power factor
of the load to be served and no explicit control over reactive
power flows of the system, the phase difference between cur-
rents is kept small (= 10° or less) by the proposed controller
architecture.

Fig. 12(a) and Fig. 12(b) show that higher values of branch
resistance and virtual resistance lead to smaller phase differ-
ences. This, however, may lead to a decrease in the accuracy
of active power sharing in the network. From Fig. 12(c)
and Fig. 12(d) it can be observed that a choice of smaller
> ;niPf results in a smaller phase difference. These observa-
tions serve as design considerations to limit reactive power
flows and implement an isochronous VP-D architecture in an
LV multi-inverter system.

D. Controller-Hardware-in-the-Loop: Experimental
Validation on Modified CIGRE Distribution Network

In order to further validate the performance of the proposed
isochronous-based VP-D architecture and the viability of real-
izing these controllers on real-world low-cost micro-controller
boards, we discuss here the experimental results of CHIL vali-
dation studies on an OPAL-RT real-time simulator (RTS). The
distribution network is chosen from North American low volt-
age distribution feeder model (240 V5, 1 — ¢, 60 Hz) from
CIGRE Task Force C6.04.02 [43] (CIGRE Study committee
C6) is modelled inside the OPAL-RT RTS using eMegaSim at
50 p s time-steps. The CIGRE model is modified to include
four VSIs on Bus 1 and scaling of the loads. This modification
is done to corroborate the system study of VSIs connected at a
PCC (in this case Bus 1) while being connected to other DERs
over a distribution network as shown in Fig. 13. VP-D con-
trollers for VSI-1 and 2 are implemented on TI microprocessor
boards receiving clock pulses from a pulse generator (1 clock
pulse per 60 Hz). PWM duty as control signals are provided
by the TI DSPs and provided to OPAL-RT RTS through dig-
ital input modules to drive the average inverter models inside
OPAL-RT RTS. Analog output signals (output current, capaci-
tor voltage and inductor current) are measured and provided to
TI -DSPs of corresponding VSIs via ADC inputs to close the
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current controller mode interfaced with PV as DERs.
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Fig. 14.  (a) Active Power for CHIL experiment Case 3, (b) transition 1

at t = 2.15 s (c) transition 2 at t = 9.4 s (d) transition 3 at t = 29.15 s.
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Fig. 15. (a) Reactive Power for CHIL experiment Case 3, (b) transition 1 at

t = 2.15 s (¢) transition 2 at t = 9.4 s (d) transition 3 at t = 29.15 s.

feedback loop (Fig. 13). Delay blocks are simulated inside TI
DSP controllers to emulate delays in GPS clock pulses. The
CHIL parameter details are shown in Table IV.

Scenario Case 3 for CHIL validation: The microgrid sce-
nario case 3 tested in CHIL is described in Table V. Initially,
VSI-1 is on and PV interfaced current controlled VSIs are
operating to meet a load of 13.6 kW/6.5 kVAR. VSI-1 is
maintaining the voltage and implements a multi-loop VP-
D controller as described in Section II. At t+ = 2.15 s,

TABLE IV
PARAMETERS FOR CHIL SETUP

Bus Source Control Loa!d .
No Mode P+jQ Device
: kW/kVAR
VSI-1, VSI-2 : TI DSP
Voltage Source (Cap. 12 kVA)
1 Inverters 25+j15  VSI-3, VSI-4: Emulated
VSI-1 - VSI-4 in RTS
(Cap. 6 kVA)
Emulated
2-13 Current\?g)lntrollerd 200+95 in RTS
(Cap. < 2 kVA each)
14 Current Controlled 30405 Emulated

VSI in RTS (Cap. 6 kVA)

VSI-2 is turned on and connected to the distribution feeder
(demonstrating plug and play). VSI-1 and VSI-2 are prescribed
P} = P; = 7.1 kW each and Bus-1 load is turned on. At
t = 94 s, VSI-3 and VSI-4 are turned on and the load
is increased to 22.5 kW/11 kVAR. The active power refer-
ence commands are prescribed as P} = P; = 5.5 kW and
P; = Pj =25 kW. At t = 29.15 s, VSI-2 is disconnected
from the network due to loss of GPS signal (described in
Section IV-E later). Following the disconnection of VSI-2,
Bus-1 load is disconnected in order to avoid large drooping
in voltage, VSI-1, VSI-3 and VSI-4 along with feeder current
controlled VSIs share the remaining load in the prescribed
ratio. Note that P}, P§ and P} remain unchanged in this period
as VSI-2 disconnection is an unscheduled event. Finally at
t = 57 s, the load on Bus 14 is turned on and each VSI
increases its active power in order to maintain its propor-
tional sharing of load demand. The active power output of the
network along with transients at transition events are shown
in Fig. 14. Fig. 15 shows the CHIL results for reactive power
outputs of inverters for case 3. Note that even though there
is no explicit control of output reactive power, the proposed
architecture allows equal sharing of reactive power from par-
ticipating VSIs. Reactive power transients are shown to further
demonstrate the performance of the VP-D architecture dur-
ing load transitions. Fig. 16 summarizes the sharing ratio
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TABLE V
SCENARIO CASE 3 FOR CHIL EXPERIMENTS

time event Total Load Active Power
(in seconds) details kW/kVAR sharing ratio
t=0 VSI-1 ON 13.6 /6.5 -
t=2.15 VSI-2 ON 20/9.5 PI/P2 = 1:1
VSI-3 ON
VSI-4 ON P3/P4 = 1:1
t=94 Loadat 2210 pyp3 =22
Bus 1 ON
VSI-2 OFF ..
t=29.15 Load at 20.0/9.5 Plj%l?__zl;]
Bus 1 OFF -
Load at
t=57 Bus 14 ON 23.0/10 Same as above
3] S — ) -----------------------------------
o 2.2+ v -
g P St R [l
=
n
c Pivi_ Prws  Prvi Quv Qs
< Puve  Pmva  Prmvs  Qmve Qunva
T
<
n
A1k
1 L
09F-
0

Fig. 16. Active (P), reactive (Q) power sharing ratio among VSIs for CHIL
experiments of Case 3.

of active and reactive power among various VSIs. It can be
clearly observed that prescribed sharing ratios are maintained
well within +10% even during disconnection of VSI-2 and
during various load transitions. Finally, Fig. 17 shows the cir-
culating currents among participating VSlIs, as they become
available, measured based on the VSI line currents and in
accordance with the sharing ratios provided. Circulating cur-
rents are observed to be < 2 A (5%) of rated output current)
throughout for all the VSI pairs. Output voltages of each VSI
are verified to be within £10% throughout.

E. Effect of Delay on Active Power, Reactive Power and
Circulating Currents

This section studies the effect of delays in receiving GPS
clock timing pulses by a VSI in the network. Furthermore, a
mitigation mechanism is provided whereby each VSI locally
monitors the delay in receiving the timing pulses from the GPS
based on a local clock and can disconnect from the rest of the
MMG based on a user-defined delay tolerance. GPS clock
pulses are provided to VSI-1 and VSI-2 via digital inputs of
the TI DSP boards. Delay blocks are implemented inside TI
DSP controllers, running at a time step, 75 = 100 ws, to emu-
late delays in GPS clock pulses. In order to characterize the
effect of delay, the CHIL setup of Fig. 13 is chosen with only
VSI-1 and VSI-2 connected to a load (5.7 kW/ 2.8 kVA) on
Bus 1. In this setup, VSI-1 receives GPS clock pulses at no
delay whereas the delay in receiving GPS signals by VSI-2 is
increased subsequently and its effect on active, reactive power
and circulating currents are observed. The results are shown in
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Fig. 17.  Circulating Current VSI-1 and VSI-2 (top); VSI-3 and VSI-4

(middle) and VSI-1 and VSI-3 (bottom) for CHIL experiments of Case 3.

F Tl L) AL I
[ | T

! .
H i |=PrLoad~Pvsi-1—Pvsi—2

19 25

o N D
T T

wli = 4

&

o
4 = H
—_
s

m L )
1 T
Qroaa+Qvst 1 —Qvsi 2
' Y
‘ Delay=T_ i Delay=2T ,  Delay=38T |
4 11 19 2 35
: 3

" NoDelay

NS

o

Circulating Active Power [KW] /
Current [A] Reactive Power[kVAR]

Fig. 18. CHIL simulations for characterizing the effect of delay in
clock pulses on active power, reactive power and circulating current
with Ty = 1 x 1074 5.

Fig. 18. At t = 2 s, VSI-1 is turned on to serve load at Bus-1.
At t = 4.4 s, VSI-2 is turned on and P} = P; = 2.85 kW
for symmetric sharing. At 4.4 s <t < 11 s, there is no delay
in receiving GPS clock pulses, as a result active power shar-
ing ratio is maintained as prescribed, reactive power sharing is
close to unity and circulating current is less than 1 A. However,
at t = 11 s, VSI-2 suffers from a delay of 7, = 100 u s
in receiving GPS clock pulses. This results in accuracy in P
and Q sharing. Furthermore, the circulating current increases
to ~ 6 A and the MMG operates at a degraded condition.
Subsequently at + = 18.8 s and r = 25.3 s, delay is further
increased to 27 and 37, respectively. Inaccuracy in P and Q
sharing further increases to a point where VSI-1 starts absorb-
ing reactive power and provides all the active power demand.
Thus, for delays greater than 27, the MMG exhibits severe
degradation in performance and can not be operated. It is worth
noting that for delays < 27y, although the MMG has degraded
performance, it remains stable demonstrating robustness of the
proposed architecture towards certain delays in GPS signals
experienced by the VSIs.

Remark 8: Note that a delay of Ty = 100 u s, 2T and 37T
corresponds to phase differences of 2.16°, 4.32° and 6.48°
respectively. The CHIL validation agrees with the eigenvalue
analysis presented earlier where phase difference w.r.t. refer-
ence frame, 6 > £5° results in the poles of the MMG being
closer to the imaginary axis resulting in critical stability of the
system (see Remark 7).

In order to mitigate the issues caused due to delays in receiving
GPS signals, we next propose a VSI isolation mechanism.
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Fig. 19.

Controller-Hardware-in-the-loop experiment for demonstrating VSI isolation mechanism following a communication delay in receiving the GPS

signal by VSI-2. (a), (f) GPS signal received by VSI-2, (b), (g) VSI-2 local clock pulses, (c¢), (h) VSI-1 and VSI-2 normalized output voltage, (d) Active
power output of VSIs with VSI load only, (e) Reactive power output of VSIs with VSI load only.

E. VSI Isolation Mechanism

In order to propose a VSI isolation mechanism, the follow-
ing assumptions are imposed on the system.

Assumption 2: VSI local clocks are synchronized to GPS
timing signals before being connected to the MMG.

Assumption 3: GPS timing signals do not arrive before they
are due. That is, in case of communication delays, GPS clock
pulses always lag local clock pulses.

Note that these assumptions are realistic in nature. For
example, a VSI is not allowed to connect to the MMG if
its local clock signals are not synchronized with GPS timing
signals. In such a case, the VSI’s local clock can wait for next
GPS clock pulse and align with it using the GPS signal’s ris-
ing edge while only incurring a delay of 1 cycle (for a GPS
with 1 pulse every 60 Hz). For Assumption 3, the proposed
mechanism can be easily modified to detect GPS signals in a
window of time leads and lags and, if the GPS signal arrives
before or after the window, the VSI can disconnect from the
MMG to avoid large circulating currents.

The proposed VSI isolation mechanism is shown in Fig. 20.
A delay block is used to implement delays in receiving GPS
clock signals by the VSI. Following Assumptions 2 and 3,
a local clock is passed through a delay tolerance block with
a user-specified delay, tp. This block delays the local clock
pulses with respect to the delayed GPS signal which are then
compared using a comparator block. The comparator block
generates a flag that is used as an input to a set/reset block. The
output of the set/reset block is held at ‘logic 0’ if the delay in
the GPS timing signal is less than the specified delay tolerance
(Flag = 0) otherwise held at ‘logic 1’ (Flag = 1). The
invert flag gate inverts the output bit of set/reset to generate or
set the reference generation signal to zero and to close or open
the VSI breaker to MMG. Finally, the external reset signal is

___________________________

: 1 GPS - ,  GPS siigmfl with
b w timing Simulated | | communication delay
' : Delay .
e signal :
| L.
Local Delay
synchronized clock Tolerance

Serg

0<7p < 2T,

To VSI
Breaker

Invert
Flag

External
Reset

Fig. 20.  VSI isolation mechanism to locally detect delays in GPS clock
signals w.r.t. to a user-specified tolerance in local clock pulse to isolate or
reconnect VSI to MMG.

used to reset the set/reset block while re-synchronization to
the MMG is done. Note that because of Assumption 3, the
flag will only be set to 1 if GPS delay > 7p s.

The VSI isolation mechanism is validated on the CHIL
setup of Fig. 13. Note that measurements pertaining to current
controlled VSIs are not shown here for simplicity. A scenario
similar to Case 3 is followed. However, VSI-2 is chosen to
have communication delays in receiving the GPS clock signals.
For 30 s <t <47.15 s, the delay is set to be Ty = 100 us, for
47.15 s <t <57.45 s delay of 2T, and for ¢ > 57.45 s delay
of Ty is set. A delay tolerance of tp = T is chosen for VSI-2
local clock. The complete results of the CHIL experiment are
shown in Fig. 19.

At t = 47.15 s, the delay in receiving the GPS signal by
VSI-2 increases from T to 27, (Fig. 19(a), (b)) as a result
of which the VSI isolation mechanism sets VSI-2 breaker
to off. VSI-2 output reference and hence, its output voltage,
active, reactive power reduces to zero (Fig. 19(c), (d), (e)).
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VSI-1, VSI-3 and VSI-4 compensate for the disconnection of
VSI-2 and the output active and reactive power is maintained
along with the desired sharing ratios. Note that VSI-2 keeps
receiving GPS clock pulses while being disconnected from the
MMG. At ¢t = 57.45 s, the delay between VSI-2’s local clock
and the GPS clock pulses reduces to T (Fig. 19(f), (g)). As a
result, VSI-2 reference voltage generation begins (Fig. 19(h))
and the VSI-2 breaker to MMG is switched On. This is further
evident from the active and reactive power output of VSI-
2 following re-connection at t+ = 57.45 s. This validates the
performance of the VSI isolation mechanism in the proposed
isochronous VP-D architecture.

Remark 9: Fig. 19 also demonstrates the ‘plug-and-play’
of the VSIs in the isochronous VP-D MMG as the controller
of VSI-2 was never turned off, only the reference generation
and VSI breaker were turned off following the detection of a
delay (greater than tolerance) in receiving GPS signal. Once
the delay was detected to be within tolerance limit, the ref-
erence generation signal started which by the virtue of the
isochronous architecture is already synchronized to the MMG
allowing the VSI breaker to be reconnected immediately.

V. CONCLUSION

In this article, a voltage-active power half-droop was
proposed and demonstrated to show high power sharing accu-
racy during VSI plug-and-play and fast transient response of
the proposed architecture over full-droop methods in a resis-
tive LV ac microgrid. A loop shaping-based control law was
designed for a single inverter unit to enable close regulation
of the reference sinusoidal voltage signal to be tracked. A
novel isochronous architecture was also proposed to main-
tain the system frequency and facilitate plug and play, active
power sharing between VSIs in the multi-inverter system. The
main advantage of the proposed architecture is to keep the
reactive power flows small among the inverters without imple-
menting an explicit Q — f droop law, thereby, reducing the
overall complexity of the inverter controllers. Small signal
based stability analysis was conducted to show the feasibility
of the proposed architecture for various scenarios of the MMG
system. Moreover, analytical results were derived to provide
design guidelines for selecting droop gains when there are
active power mismatches and uncertainties in the load present
in the LV microgrid. A VSI isolation mechanism has also been
proposed to detect locally delays in GPS signals (with respect
to a tolerance value) and the ability to disconnect from the
MMG. Experimental and CHIL results were provided for var-
ious scenarios that validate the performance and capabilities
of the proposed controller architecture.

APPENDIX

Proof of Theorem 1:
The steady-state tracking error is:

SIEI(I)S[[Vrgfk(S) - Rvklk(s)] - [Gkvreﬂc(s) - Zklk(s)]]
= lin%)s(l = Gi) Vrepre(s) — 1111(1)5(Rvk = Zi) i (s)

Suppose K, has poles at +jwg. Hence, using Internal
Model Principle and the final value theorem, it follows that

1101

limg_os(1 — Gk)yzﬁ(;z = 0. Similarly we can rewrite Z; =
0
GrRy+ (1 — Gk)(ﬁ)m. This implies limg_, o s(Ryx —
Zi) zwo 2 = 0.
sty
Proof of Theorem 2: For clarification, Ry =

diag(Ry1R\2 ... Ryy). Also, V, . can be written as Epu(s),
where u(s) = Sz‘i—(’wz is the Laplace transform of a sinusoid

with frequency w,. quing the Woodbury matrix identity and
matrix manipulation:

Y = A 9117, 5= k)] — hHATA"TA T

—1
Therefore, I(s) = (Y(s)—1 +Rv1) En(s)
-1

= (A‘1 + Rv1> +n117
— ——
A

i AITA,
Ay — n——r—— |En(s)
14+n1"A)1

= AvEu(s) —arM A Ep
where o' = 771 + Z(i’m + Rom) ™!
m

Ep(s)

T
h— 1 1
v ri+Ryi 7T rN+RwN

A, = diag<

1
N + RvN)

Thus, it follows that for the k™ inverter in the steady state:

rl—i—va"”’

ix(t) = Ir sin(wo! + @)

where:

N
I = Z En Yk
Tm + Rym | 1 + Ry

m=1

Yk = \/(ﬁk — ler| cos Za)? + || sin? La

N —1
Bi = Ex (Z En(rm + Rvm)l)

m=1

cos g = (Br — la(jwo)| cos Za(jwo))/vk;

sin ¢ = (—|ee(jwo)| sin Zat(jwo)) / Vi
By denoting |o| = |e(jw,)| and Lo = La(jw,),
— || sin Za sin Z«a

B — lafcos Za(jwo) ~ cos Lo — £

tan ¢y =

Now, from Theorem 1:
V() = Viep(t) — Rykir (1) = Ey sin(wot + ¥i)

where Vi = \/ (Ex — Ry cos d) + (Ruly sin ¢y )
—Ryi Iy sin ¢ _ sin ¢y
Ey — Rkl cos g cos ¢y — _Riklk '

and tanyy =

Proof of Theorem 3: From the expression of tan ¢, deduced
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in the previous proof. Now, tan(¢y — ¢)):

sin Za sin Zo
_cosZa — fi/la|  cos Lo — B/lal

4T sin Zo
=kil cos La — Bi/|al

— ((Bx = 8j)/lx]) sin Lax
[Tis j(cos Za = Bi/la]) + sin® Za
(3k - 8,-) sin 4a/(|a|va(1 + 3))
- [Tis j(cos Za — By/lax]) + sin* Lot
(8 — &) sin Zv/(IvI(1 + §"8))

144 .
]_[l:k,j cos Ly — m =+ Sll’l2 Zv
B Im(v) (8 — &;)/(1 + £78)
o 146
]_[,:k’j(Re(v) - TsTla> +Im2(v)

where Br = Ey/AE = E*(1+8)/AL(1+8)E" & =
Av/AL1, v = aAT1}. Note that:

Im(v) = Im(v — 1) &~ —Im(1/Z;A!'1)
1 —Re(v) = Re(1/Z,A]1)

Here, it is assumed that |Z1)»{1| > 1. Assuming that §; are
small so that: 14 8;/(1 + £78) ~ 1, it follows that

tan(gx — ¢;) ~ —AI 121> Im(1/ZL) (8% — 6;)
N
= (8 — &) D _ |1ZLIsin 6L/ (rm + Rum),

m=1

where cos 6y, is the power factor of the load Z;.
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