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Abstract—In this paper, the operational choices in distributed
secondary control are examined, and their impacts on grid-
forming (GFM) inverters and grid operation are investigated. In
particular, the effects of feedback voltage choices, either average
voltage feedback (AVF) or terminal voltage feedback (TVF), are
studied with respect to reactive power sharing, voltage regulation,
and grid-forming operation during black start. The secondary
control used is a subgradient-based distributed cooperative con-
trol, and it provides the voltage, angle, and frequency references
to the GFM inverters and their primary tracking controls. The
overall control architecture employs multi-rate sampling such
that the secondary control is slower than the primary control. The
operational choices and their control performance are illustrated
using a four-GFM-inverter microgrid in MATLAB/SIMULINK.
The results show the effectiveness of the secondary controller, and
several conclusions are drawn on the voltage feedback signals as
the design choices.

Index Terms—Grid Forming Inverters, Cooperative Control,
Microgrid, Secondary Control

I. INTRODUCTION
A. Problem Statement and Literature Review

The control of grid-forming (GFM) inverters in AC micro-
grids has been an area of active research. One of the directions
of GFM control is the direct nonlinear control [1], [2]. The
inverters are controlled to emulate the dynamics of nonlinear
oscillator. Consequently, the inverters synchronize and share
the total load in proportion to their ratings. Although this
type of controller looks promising, it has drawbacks regarding
harmonic currents from oscillator and AC grid [3]. The other
direction of GFM control is droop based control and its
variations [4], [S]. Such controllers make use of proportional
gains (known as droop gains) to generate the references of
frequency and voltage as per active and reactive power. Such
gains are tuned with the help of droop curves that are designed
as per the characteristics of inverters. The problem with such
controllers is that the tuning becomes difficult when there
are large number of inverters in the microgrid. Furthermore,
because of the proportional nature of the control, there will
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be deviation from the set-point in the steady state. To remove
these drawbacks, a hierarchical control consisting of primary
control, secondary control, and tertiary control was introduced
for control and operation of microgrid [6]. The secondary
control in [6] uses centralized control structure. This adversely
affects system flexibility and increases reliability concerns by
posing a single point of failure [7]. Furthermore, millions of
inverters will be connected to the grid and actively participate
in voltage, frequency, and load regulation in near future
[8]. Using a centralized controller in such a scenario will
compromise flexibility and reliability.

Alternatively, several versions of distributed control of GFM
inverters in an AC microgrid have been proposed [9]- [12]. The
common themes of these works are 1) exchange of information
within neighborhood through sparse communication network,
and 2) a cooperative policy that makes inverters reach for
consensus based on their power capacities while achieving
the goal of voltage and frequency regulation in the microgrid.
These works have demonstrated proportional load sharing
capability, plug and play capability, and have explored the
controller’s performance under failure in communication link,
communication delay and loss of an inverter in the neigh-
borhood. The demonstrations show the superiority of these
controllers over others.

However, there are number of limitations in these works.
For instance, [9] does not impose constraints in the output
voltage and power, so it violates IEEE standard acceptable
limits when operating under the heavy load scenario [13].
Although [10] ensures that voltage is under the acceptable
limits, it does so by allowing large variation of reactive power
output in a special distributed generator (DG) (it should be
noted that in this paper, the word DG is used interchangeably
with the word inverter). Therefore, the technical constraints
are still not considered and the dependency on special DG
makes its scope limited. It should also be noted that in some
of these works the sampling frequency of secondary control
is as high as 20 kHz (in [10] and [11]). Such a high sampling
frequency adds the computational burden on the hardware
device used to execute the control logic. It also means that
the controller is sensitive to the delays introduced by the
communication network and communication protocols of the
peripheral devices/sensors embedded in the inverter hardware.
An example of such delay is mentioned in [14].

Furthermore, none of these works have explored the op-
erational choices for secondary control. For instance, in all



these works, the feedback signals depend on the data from
neighborhood. This scheme works if the DG is connected to
the communication network. However, the DG could lose its
communication link with the neighborhood while it is still
capable of producing output power. In such scenario, the
signals that are used as feedback in the current works would
not be available. So, it is important to explore the choices of
feedback signals that the DG could have. It is also equally
important to analyze the performance of controller with each
of these choices to ensure the stability and better performance
of the system.

B. Contributions

There are two main contributions of this work. First, a
constrained distributed cooperative secondary control which
runs at slower rate compared to the primary control is
presented. Such type of control requires less computational
burden and is more robust to communication delays. Second,
the choices a DG in the neighborhood has during the
implementation of the secondary control are discussed. The
choices in feedback signals that are available to voltage,
frequency and active/reactive power regulators are presented.
Then the behaviors of the system for the choice of each of
the voltage feedback signals are compared.

The remainder of the paper is organized as follows: Section
IT describes the design of distributed secondary control. The
available operational choices are described in section III. The
simulation results are presented in section IV and section V
concludes the paper.

II. SECONDARY CONTROL DESIGN FOR GRID-FORMING
INVERTERS

The secondary control of kth inverter in a microgrid gener-
ates V)7, wy,, and J;, as the reference RMS voltage, reference
frequency and reference angle to be tracked by its primary
control. The primary control used in this work is that of [15].

Vi, b, @5, Opx, Oy |Secondany

V3, 5, @5, Oy, Xy | Control Veorlkon 0 w#
N y ’ e Vb
V'm’l i Piey Qs
_— Primary Control
Communication Timanytentre
£
Network ]
kth inverter
AC
Vi1, 035, Gy Ol | SECONATY Network
7 o m. a. o control V1 wy etwor
G0, 95, %q, O e e 8;,Vip
Ve &7 p P e
Primary Control
e b
i inverter

Fig. 1: The cooperative secondary control diagram

Fig. 1 shows the input and output signals for the secondary
control blocks of neighboring jth and kth inverters in an AC
microgrid. The signals Vi ,, Iy, P and Q) are the kth

inverter’s output RMS voltage, RMS current, active power,
and reactive power respectively. Similarly, V} ; is the RMS
value of the voltage phasor with frequency wy, and phase 6}, at
the common coupling point (CCP). If 6, represents a nominal
phasor with frequency w,, then the angle Jj, for the kth inverter
is defined as

Ok = 0 — 6,

Similarly, the power utilization ratios of inverters, o, and
oy, are defined as

Upp = =5 Qg = = )

where, P, and @)j are the active and reactive power con-
tributed by the kth inverter while P; and @), are the out-
put limits which may change over time with the constraint

Qr=1/52— Fi for inverter of power rating S.
The secondary control is distributed, cooperative, and event-
triggered. It requires a sparse communication network where
the inverters exchange information (V4,w, ay, ory) with their
immediate neighbors as shown in figure 1. Furthermore, the
inverters aim for voltage stability, frequency synchronization,
and load sharing. In the following subsections, secondary
control is designed to regulate o, and «, by employing
objective functions that reflect aforementioned goals.

The secondary control is active only when the grid is
formed. The status of the grid forming flag, p(¢) is defined
by

#(8) = { Lo iV, e, V]
0 otherwise

where, p}(tpo-) = 0, and Vi, is the average bus voltage
defined by (3). V, V are the upper and lower tolerances
of V%, and are typically considered as 1.05 p.u. and 0.95
p.u., respectively, in compliance with the existing standards
[13]. The neighborhood of kth inverter Ny is described in the

following subsection.
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JEN
A. Communication Topology

Consider a microgrid with N number of DGs. The instan-
taneous status of the local communication network among
the DGs is characterized by a binary sensing/communication
matrix of the form [16]:

1 s12(t) sin(t)
so=| 0L UYL e
SNl(t) SNQ(t) 1

Here, {s;; = 1 : (k,j) € N} if the jth DG sends its
information to the kth DG. Matrix S has 1 in the diagonal as
every inverter knows its own information. The kth DG does
not need to know all the entries of matrix S(¢) but only its kth



row. Let Ay, denote the neighbor set of the communication for
kth DG, then

Ni(t) = {s; (1) =1:j € N }.

B. Objective Functions

Based on the principles of cooperative control and subgradi-
ent optimization, three objective functions are chosen to design
secondary controls. First, the following objective function is
chosen to update the reference voltage:

1
Vi =argmin Jy, , Jyv, = = [Jv,, + Jvi,) (5)
Vi 2

i = P () By, Z (ag, — O“I.y)z

JENK
Ty = (Vi = (1 + 0)V,,)?

where 0 < f, << 1 is the stepsize in the corresponding
subgradient algorithm. The subgradient algorithms for the
objective functions are described in subsection II-C. The sub-
gradient of ¢, is calculated with respect to terminal voltage
Vi so that the reactive power injections of DERs achieve
voltage stability through regulating their terminal voltages.
V., is the nominal voltage setpoint and is typically same as
the system voltage rating. The parameter —0.05 < € < 0.05
is selected to allow flexibility in the choice of V,, which is
set at 1 p.u in this work. ka is the feedback voltage to
the controller. Various signals are available to be chosen as
the feedback voltage and these choices are discussed in the
subsequent section. Jy,, ensures that the voltage feedback
tracks the nominal voltage setpoint at all instants (i.e during
the startup and after the grid is formed). Jy,, ensures the fair
sharing of reactive power through «, consensus once the grid
has been formed (i.e pf(t) = 1)

Second, the following objective function is chosen to update
the reference frequency wy:

. 1
wlz = arg n;in ka? ka = 5 [kal + kaz + ka3] (6)
_ 2
‘]wm - (wk - wO)
Jioe = Z (wr — wj)2
JENK

Jus = BuDZ2_ (1= Vy)
where DZ(.) is the deadzone function defined by

Dz, = 4" if [n] > o
0, it <o

where 0 < 0,,, < 0.05 is a design parameter, and 0 < f3,, ; <<
1 is the stepsize in the corresponding subgradient algorithm
presented in the next subsection. J,,, makes reference fre-
quency w, converge to the system nominal frequency w,. J,,,
minimizes the difference in frequency among the inverters.
Jw,s 18 included to emulate the behavior of a synchronous
machine where the change in active power demand not only

changes frequency but also voltage momentarily. It is because
a change in load results a change in load current and con-
sequently a change in voltage drop [17]. Finally, for active
power load sharing (and to provide another control option for
reactive power sharing), d;, is chosen to optimize the following
performance index:

. 1
0 = arg I%in ka’ ka = ) [kal + me + ka:s] (7)

Jp = (1= pL(1)) Z (g, — O‘qj)2
JENK
oo = ﬁZ(t) Z (apk - O‘pj)Z
JEN
pis = /BkaZggk (Vkr - ka)

where V" is the reference nodal voltage in (5), 0 < o5, < 0.05
is a design parameter, and 0 < f8,, << 1 is the step size in
the corresponding sub-gradient algorithm. J, , is responsible
to maintain consensus in reactive-power sharing and J,,, is
responsible to maintain consensus in active-power sharing. It
should be noted that Jp,, is activated only when the grid is
formed. This is because the tasks of load sharing are usually
carried out under normal conditions. On the other hand, since
reactive power is related to voltage, J,,, can be activated
during the grid forming phase.

C. Subgradient Algorithms

Since the secondary control needs to be distributed, we
choose the subgradient technique to optimize objective func-
tion J(7;) with only local information 7y, that is,

. oJ
Ne = — Vi %7 )

where 7, > 0 is a gain that determines the step-size for the
update. Applying this basic idea to objective functions (5), (6),
and (7), we obtain the subgradients (or 88—7;1) Goks k> and gsk.
The integration of these sub-gradients is then constrained by,
0,if V7 >V and g,, (V/, o, otg,) > 0
Vk’" _ O,%f Vi <V and g,, (V] g, 0q,) <0 ©)
0,if pgrm =0
Gu (ViI's gy g, ), if else

0,if wj, > @ and g, (W}, w;,wo, Vi) > 0

wy, =1 0,if w, <w and g, (W}, w;,wo, Vi) <0 (10)
Guor (W), wj, wo, Vi), if else
67]@ :gak(5£,apk,apj,vk)7 (11)

where v, , Yu,, Vs, are positive gains. The derivation of g, ,
Jw, and gs, is straightforward and can be obtained from
the power flow equations for a microgrid [15]. The imposed
constraints ensure that the output voltage and frequency remain
within the acceptable limits. It should be noted that, if the
voltage and frequency references hit the constraints limits then
consensus in reactive power and active power sharing will not
be reached. This phenomenon is illustrated in the presented
results in section IV.



III. DESIGN CHOICES IN SECONDARY CONTROL

The objective functions in (5), (6), and (7) are the general
expressions to realize the distributed, cooperative secondary
control. Depending upon the availability of signals and design
objectives, these equations provide various design choices.
Table I lists the signals that are mandatory and optional to
generate a particular reference signal.

For instance, the kth inverter can have two choices of
voltage feedback: the terminal voltage feedback (TVF) and
the average voltage feedback (AVF) as follows

| Vi,
=
where V. p, is the TVF of kth inverter and AVF V¢, is defined
in (3). The advantage of AVF is that the a4 consensus would
be strictly followed as all the inverters in the neighborhood
cooperatively maintain the average voltage. On the other hand,
the oy consensus would not be strict with TVF. This is because
with TVE, the kth inverter does not consider the voltage level
of other inverters. Similarly, during blackstart of microgrid
through asynchronous start of inverters, the inverters with AVF
utilize their resources (i.e available energy) to help in grid
formation. However, with TVF a kth DG would regulate its
power injection only to maintain its terminal voltage. As the
result, the DGs with lower capacity are not aided in ramping
their terminal voltage to acceptable limit. Consequently, the
grid is formed slower compared to AVF scheme. However,
the regulation of average voltage doesn’t guarantee that the
voltage profiles along the inverter terminals remain within the
acceptable limits [10]. On the other hand, the terminal voltage
profiles are better regulated with TVF. Furthermore, TVF also
provides a feedback choice for a DG when its communication
with neighborhood is lost.

Similarly, wy and J, are sufficient to generate wj, and Jj,
respectively. This choice would mean that kth DG wouldn’t
participate in oy, consensus. However, the kth DG would still
have the feedback signal when the communication with its
neighborhood is disrupted. It can be seen from (6) and (7)
that in such scenario, wy, would converge to w, and J;, would
evolve as to make the kth DG exhaust its resources.

TABLE I: Design choices in secondary control: m — manda-
tory, 0 — optional.

Output Variables
wp | o | VP
Wi m
% Vi m m m
= Py o
K Qk o | o
5 wj, J€ Ny [}
§“ Vi, jEN 0 )
Qpj, J € N 0o
agj, j €N ) )

IV. RESULTS AND DISCUSSION

The test system of [18] is adopted to construct a microgrid
test system of Fig. 2, in MATLAB/SIMULINK, with parame-

ters listed in Table II. Unlike [9]- [11], the sampling frequency
of secondary control and primary control are 30ms and 100 us
respectively. The presented results show that the proposed con-
troller is able to maintain system stability for a communication
delay of 20 ms in contrast to the controllers in [9]- [11] which
fail to maintain system stability for such a case. Additionally,
such type of multi rate control architecture would mean lower
computation burden on the device hardware. Furthermore, due
to the constraints imposed, the output frequency and voltage
are within the acceptable limits unlike in [9].
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Fig. 2: A microgrid test system

TABLE II: Parameters of the test system

fo 60 Hz

Vo V2¥277 V
S 1.2Py
P | [555.5]7 kW

A. Baseline Analysis with Synchronous Start

The operational choices can be combined to form numerous
combinations. However, the studied combinations have been
limited to the effect of TVF versus AVF, as the main theme. On
this theme we further examine the effect of a) c; consensus,
b) «y, consensus, ¢) change in load, and d) change in the
constraints on reference voltage issued by the secondary
control. oy, is considered as () for this simulation. The
simulation is set up in a way that the reactive power consensus
can be activated or deactivated manually. The DGs have fixed
P =11,8,1,8] pu and S(t) = [1111;1111;1111;1111]. In
brief, the main events of the simulation described by Fig. 3
are as follows:

o t = 1s: The pf(t) becomes true and «, consensus is

activated,

e t = 3s: The o, consensus is manually activated with V.

limits as [1.01 and .98],
e t = 4s: The V,. limits are altered to [1.05 and .95],
e t = 5s: A composite load of real and reactive power
(mostly capacitive) is connected
e t = T7s: A composite load of real and reactive power
(mostly inductive) is connected
To verify the expected behaviors stated in section II and III we
comparatively analyze the main results from TFB and AFB in
Fig. 3a and Fig. 3b, respectively.
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Fig. 3: Synchronous start(a) Terminal voltage feedback and (b) Average voltage feedback
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Fig. 4: Asynchronous start(a) Terminal voltage feedback and (b) Average voltage feedback

1) At ¢ Is, it can be verified that when the p(t)
becomes true, the secondary control commences integra-
tion of the generated angle reference gradients gs;, by
the subgradient-based algorithm through (11). This aims
to conduct capacity proportional real power sharing or
consensus in real-power utilization ratio consensus that
would reduce the dependence of injections on physical
location. As such, separate clusters of DG1 and DG3
,and DG2 and DG4 are formed. The generated angle
references are tracked with primary control that perturbs
the frequency as can be seen in Fig. 3a and Fig. 3b.

2) At t = 3s, aq consensus is activated. The voltages
separate and reactive power values tend to cluster. This
results from the integration of (9). Referring to fig. 3
as the control aims to achieve reactive power consensus
while minimizing voltage deviations, the reactive power
consensus is not completely achieved. Also, the applica-
tion of V,. limits of [1.01 and .98] further separates Q
injections.

3) Att = 4s V, limits are relaxed to [1.05 and 0.95], Q con-
sensus is achieved. A key verification is that the reactive
power consensus is more strictly obeyed with AVF in Fig.
3b as DGs can cooperatively maintain average voltage.

4)

However, the voltage profiles of individual DGs are better
regulated with TVE. This is because the terminal voltage
feedback of the kth inverter does not account for the
voltage levels of neighbors.

At t = 5s and 7s, a composite load of .1 — 5.05pu and
.1+ 7.05pu are connected near DG4, respectively. It can
be seen from Fig. 3a and Fig. 3b that in both cases, TVF
and AVF, the secondary control can adjust the real and
reactive DG injections to maintain «, and ¢, consensus
using g5, and g,, . Simultaneously, the secondary control
is able to regulate the voltage within constraints. As
expected, oy consensus is not strongly achieved with TVF
as voltage levels of neighbors are not considered.

B. Asynchronous Start

From the previous subsection, the advantage of using TVF

is clear. However, a more practical situation for the black start
of a microgrid is the asynchronous start of inverters under
capacity constraints. Fig. 4 demonstrates the impact of choice
of voltage feedback on asynchronous start. The main events
are as follows:

e« DGI1 starts up at t=0s while the other 3 DGs begin
synchronization at preset-times of ¢t = 0, 3, 6s.



o With AVF the grid forming is achieved at ¢ = 3.302s
while with TVF the grid forming is achieved at ¢ =
6.549s.

Each DG turns on its communication and secondary control
after starting up, however, the consensus aspects of the sec-
ondary control are only activated after the grid forming is
achieved. Thus, the results in Fig. 4 can be divided into two
parts: a) Grid forming and b) Consensus. The DGs are limited
to Ppae = [.5,.35,.5,.35].

e t € [0, 1] Grid forming: As DGI1 starts-up it injects
required power to form the grid but is unable to raise
the voltage levels beyond .85pu. Simultaneously, DG2
synchronization begins.

e t € [1, 2] DG2 start-up and grid-forming: DG2 starts
up and injects required power. This relieves DGI of
resources. Here, we observe that:

— With the AVF scheme, DG1 utilizes the (now) available
resources to raise the average voltage further.

— With TVF scheme, DG1 lowers its voltage to achieve
required terminal voltage. Grid forming is achieved
only after DG3 starts-up.

As a result, the grid forming is achieved at ¢ = 3.302s
with AVF while the grid forming is achieved at ¢ =
6.549s with TVF.

et € [2, 12] oy, and oy consensus is achieved: As grid
forming is achieved, o, and ¢, consensus is activated. o
consensus is achieved with the spread in voltages within
the bandwidth of 1.05 and .95 pu while using AVFE. At
t = 6s when DG3 starts-up, it begins sharing power with
DGI1. At t = 9s when DG4 starts-up it begins sharing
power with DG2. This also displays the plug-and-play
capacity of the secondary control.

V. CONCLUSION

This paper has presented a constrained distributed coopera-
tive control as the secondary control for GFM inverters in AC
microgrid. A multirate control architecture where secondary
control is run at lower frequency compared to primary control
and PWM circuit has been implemented. The proportional
load sharing capability, plug and play capability and capability
to constrain output voltage and frequency have been demon-
strated for the proposed secondary control. Furthermore, the
effects of average microgrid voltage and an inverter’s termi-
nal voltage as the feedback voltage choice on the proposed
secondary control have been analyzed. Specifically, following
conclusions can be drawn:

« If precise regulation of all the DG voltages is of priority,
then TVF can be chosen; and if precise consensus in
reactive power sharing is desired, then AVF should be
chosen.

« Should any of reference frequency and reference voltages
hit their operational limits, the corresponding frequency
and voltage will stay within the limit, and their corre-
sponding injections may not participate in consensus of
active power and reactive power.

« When DGs are started asynchronously for black start of a
microgrid, the AVF scheme results in faster grid forming.
Also, the AVF scheme requires less DG capacity than that
under the TVF scheme.

In addition to the above, the designed secondary control has
the plug-and-play capability of DGs starting and sharing power
autonomously.
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