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Abstract— This paper proposes a decentralized and 

coordinated voltage and frequency (V-f) control framework for 
islanded microgrids, with full consideration of the limited capacity 
of distributed energy resources (DERs) and V-f dependent load. 
First, the concept of DER inadequacy is illustrated with the 
challenges it poses. Then, a decentralized and coordinated control 
framework is proposed to regulate the output of inverter-based 
generations and reallocate limited DER capacity for V-f control. 
The control framework is composed of a power regulator and a V-
f regulator, which generates the supplementary signals for the 
primary controller. The power regulator regulates the output of 
grid-forming inverters according to the real-time capacity 
constraints of DERs, while the V-f regulator improves the V-f 
deviation by leveraging the load sensitivity to V-f. Next, the static 
feasibility and small signal stability of the proposed method are 
rigorously proven through mathematical formulation and 
eigenvalue analysis. Finally, a MATLAB-Simulink simulation 
demonstrates the functionalities of the control framework. A few 
goals are fulfilled within the decentralized and coordinated 
framework, such as making the best use of limited DERs’ capacity, 
enhancing the DC side stability of inverter-based generations, and 
reducing involuntary load shedding. 
 

Index Terms—Islanded microgrid, droop control, coordinated 
V-f control, DER inadequacy, load power control 

I. INTRODUCTION 

typical microgrid is composed of multiple distributed 
energy resources (DERs), energy storage systems, and 

local loads, which can operate in either grid-connected mode or 
islanded mode [1]. Compared with a conventional bulk power 
system, microgrids have the characteristics of more DERs, 
smaller system size [2], higher uncertainty [3]-[4], lower 
system inertia [5]-[6], and stronger voltage and frequency (V-f) 
coupling [7]-[8]. All these features create challenges for load-
generation balance and V-f regulation in microgrids, especially 
in islanded microgrids that are not supported by the main grid. 

A hierarchical control framework, which consists of the 

 
 

primary controller, secondary controller, and tertiary controller, 
has been widely used in islanded microgrids [9]. The primary 
controller has the highest bandwidth and is responsible for 
automatic load sharing. Due to its fast response and important 
power-sharing functionality, the primary control dominantly 
determines the V-f deviation and stability of microgrids [10]. 
Inductive microgrids usually employ the P-f and Q-V droop 
curves in primary control, while resistive microgrids use the 
reverse P-V and Q-f droop curves [11]-[12]. In this way, V-f are 
maintained after normal disturbances.  
 An islanded microgrid has many inverter-based generations. 
As a result of the high penetration of renewable energy, a major 
cause of grid instability and large V-f deviation pertains to the 
inadequacy of DERs. DER inadequacy indicates that the 
capacity of inverter-based generations is insufficient to supply 
a microgrid’s total load. The impacts of limited DER capacity 
can be seen at both the inverter level and the grid level. For a 
single inverter, the DC side voltage maintained by the buck-
boost converter tends to ripple first and then droop across the 
linked capacitor when DERs cannot supply enough power [13]. 
For the whole microgrid, insufficient active and reactive power 
(P-Q) may result in over frequency and voltage dip [14]. The 
negative impacts of insufficient DERs necessitate more 
efficient use of existing generation capacity, which makes the 
power regulation of inverter-based generations critical in 
islanded microgrids. The output of grid-following (GFL) 
inverters can be controlled easily by changing the Pref and Qref. 
Grid-forming (GFM) inverters, on the other hand, make it hard 
to control power accurately and quickly. GFM inverters are 
controlled as voltage sources, and their output is mostly 
determined by the grid side performance. 

Some research has been focused on limiting the output of 
GFM inverters. [15]-[16] designed a current limiter and put it 
between the current and voltage regulator. The threshold of the 
current limiter is usually set at 2 p.u. to 3 p.u. because it is 
designed to prevent high currents in abnormal conditions, e.g., 
the high currents in low voltage ride through after grounded 
faults [17]. Apart from the current limiter,  [13] and [18] added 
a virtual impedance to the voltage control loop to limit the 
terminal voltage of the inverter. However, the current limiter 
and virtual impedance are mainly designed for protecting the 
hardware device and cannot accurately control the output of 
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inverters in normal conditions. Moreover, the saturation caused 
by the current limiter and virtual impedance may result in the 
instability of the microgrids [19]. In fact, the output of GFM 
inverters in islanded microgrids is determined by the load-
sharing results. Their output can be regulated by changing the 
power-sharing parameters, such as nominal Pref-Qref and droop 
gains. The droop gains are tuned proportionally to DER 
capacities, allowing each DER to take on new loads according 
to its capacity [20]. Considering that a DER’s capacity may 
fluctuate from time to time due to its intermittent nature, [21]-
[25] developed some adaptive droop strategies, but each with 
different control targets. [21]-[22] aimed at better reactive 
power-sharing. [23] focused on better transient performance. 
[24] presented a method for suppressing circuiting current 
between inverters. [25] addressed inverter-based load control. 
Although the adaptive control algorithms improve the load 
sharing results, they are no longer effective if the overall DER 
capacity is insufficient. This is caused by the saturation of 
various control modules. Thus, a new GFM inverter power 
regulator considering DER inadequacy has yet to be developed. 
Further, since P-Q generation shares the same apparent 
capacity, it is critical to enable the coordination between P-Q 
generation while regulating the output of inverters [26]. 

Based on the above discussions, this paper developed a 
decentralized and coordinated V-f control framework to 
address DER inadequacy in islanded microgrids. With the 
proposed control methods, each GFM inverter can output any 
power according to real-time capacity constraints without 
communicating with adjacent inverters. In addition, demand 
control [27]-[28] is incorporated into this control framework to 
reduce load-generation mismatch when DER capacity is 
insufficient. Demand control leverages load sensitivity to V-f 
and minimizes involuntary load shedding. Mathematical 
analysis and simulation results show that demand control 
collaborates well with inverter output regulator within the 
decentralized and coordinated framework. The contributions of 
this paper are as follows. 
 We summarize the challenges posed by DER inadequacy 

in islanded microgrids and address them with full 
consideration of DER capacity constraints, demand 
control, and the coordination between P-Q and V-f control. 

 We propose a decentralized and coordinated V-f control 
framework. The control framework can regulate the output 
of each GFM inverter accurately and quickly. It also 
improves V-f deviation and reduces involuntary load 
shedding without depending on knowledge and 
measurements from adjacent nodes. 

 We mathematically prove the static feasibility and small 
signal stability of the control framework and demonstrate 
the proposed method using MATLAB-Simulink in a multi-
inverter islanded microgrid. 

 The rest of this paper is organized as follows. Section II 
discusses the concept and challenges of DER inadequacy in 
islanded microgrids, and then introduces the foundation of 
power and V-f regulation. The decentralized and coordinated 
V-f control framework is proposed in Section III, followed by 
theoretical proofs of static feasibility and small signal stability 

in Section IV. Section V demonstrates the control method with 
a modified Banshee microgrid [29]. Conclusions are drawn in 
Section VI. 

II.  DER INADEQUACY IN ISLANDED MICROGRIDS  

This section presents the challenges related to DER 
inadequacy in islanded microgrids and introduces the 
foundation of the control framework to address these 
challenges. 

A. Configuration of islanded microgrids 

1) Grid-forming inverter 

A droop-controlled GFM inverter is the basic unit of islanded 
microgrids. Fig. 1 shows the diagram of a GFM inverter 
supplying static V-f dependent load. The GFM inverter is 
controlled as a voltage source, and the control framework 
consists of a current regulator, a voltage regulator, and a 
primary regulator, as shown in (1)-(3). As a negative feedback 
controller, the purpose of the primary regulator below is to 
emulate the droop characteristics of conventional synchronous 
generators and automatically share the load among microgrid 
inverters.  
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Where P0 and Q0 are initial power setting points; Pm and Qm are 
measured output; kdf and kdv are frequency and voltage droop 
gains, respectively. 

2) V-f dependent load 

As shown in (4), V-f dependent ZIP loads are modeled in this 
paper [30].  
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Where Vl is the load side voltage; p1+p2+p3=1 and q1+q2+q3=1; 
Kpf is the sensitivity of Pl to f; Kqf is the sensitivity of Ql to f. 

The coefficients in (4) represent the compositions of ZIP 
loads. They change with the time of day and week, seasons, and 
weather [31], but can be assumed as constant in the timescale 
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of primary control. Because microgrids are usually small in 
scale, the change in inverter terminal voltage is quickly  

 
Fig. 1 Diagram of a droop-controlled GFM inverter supplying V-f dependent load 
 
 

 
Fig. 2 DER inadequacy under various load level 
 
reflected at the load side, which in turn changes the system 
demand that depends on the load sensitivity to V-f [10]. As a 
result, demand control can participate in V-f regulation in 
islanded microgrids. 

B. DER inadequacy and its challenges 

An islanded microgrid is a self-sufficient system. DERs pose 
great challenges to grid operation due to their intrinsic features 
of uncertainty and intermittency. 

1) Load condition and DER inadequacy 

 Fig. 2 shows a diagram of DER inadequacy under different 
load levels. With the DER capacity as the baseline, there are 
generally three load conditions, i.e., light-load, heavy-load, and 
over-load. 1) In the light-load condition, the total load is much 
smaller than the DER capacity. Thus, grid V-f may not 
significantly deviate from the nominal value after normal load 
change. 2) In the heavy-load condition, the total load is close 
to, but slightly under, the DER capacity. The output of some 
GFM inverters may exactly equal the capacity of the DC side 
source. 3) In the over-load condition, the total load is larger than 
the DER capacity, such that the power balance cannot be 
guaranteed unless conducting load shedding.  

In Fig. 2, if the total load is significantly lower than the 
generation capacity, the DER is adequate; if the total load is 
much larger than the generation capacity, the DER is 
inadequate. The load-generation balance in the critical 
transition area between the adequate and inadequate zones 
merits more attention. In this paper, we investigate this critical 
transition area for its potential to improve stability and reduce 

V-f deviation, which is critical in the background of high 
penetration of intermittent renewable generation and extreme 
weather conditions. 

2) Challenges 

There are three main challenges in islanding microgrids 
when it comes to DER inadequacy, including improper load 
sharing, DC side instability, and large V-f deviation. 

The first challenge is related to load sharing. In the 
conventional droop control, the load sharing results are 
determined by the initial setting point [P0, Q0] and droop gains 
[kdp, kdv]. The load change at an equilibrium point is shared 
proportionally with the droop gains and among the microgrid 
inverters, which are tuned based on the DER capacity. However, 
due to the intermittency of DERs, their capacities may fluctuate 
from time to time. The GFM inverter has a stability issue if load 
sharing cannot adapt to the real-time DER capacity [32]. The 
challenge is more critical in the transition zone shown in Fig. 2 
because most GFM inverters work in critical states with little 
reserved capacity. 

The second challenge stems from improper load sharing 
among DERs and is related to DC side voltage. When the 
shared loads exceed the capacity of the DC side DERs, there is 
insufficient energy to support the capacitor voltage, which may 
result in a voltage dip first and then distort Pulse-width 
modulation (PWM). Furthermore, the inverter-based 
generation will trip and compound the DER inadequacy. Fig. 
3(a) shows an unexpected DC voltage dip and generation loss 
when the shared loads exceed the DER capacity at 5s. 

The third challenge relates to large V-f deviation. The first 
two challenges often impact a single or several inverters, while 
the third challenge, which is about allocating limited generation 
capacity to the V-f regulation loop, impacts the whole grid. Fig. 
3(b) shows the bounded generation constraint. Following the 
same constraint, V-f regulation results are quite different when 
implementing distinct P-Q generation strategies. Under 
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bounded generation constraints, a large kdf means more active 
power generation and less frequency dip, while a large kdv 
means more reactive power generation and less voltage dip. Fig. 
3(c) shows the unexpected V-f regulation with distinct droop 
gains. Usually, the deviation of frequency should be less than 
0.01 p.u. and the deviation of voltage should be less than 0.05 
p.u.. In Fig. 3(c), the requirements for V-f deviation cannot be 
met at the same time. V-f deviation can be improved according 
to the supplementary signals generated by the conventional 
secondary controller. However, due to saturation caused by the 
capacity constraints in Fig. 3(b), the inverter may fail to respond 
to these signals, resulting in an unexpected DC voltage dip.  

Considering the challenges discussed above, it is urgent to 
develop a V-f control framework that can: 1) regulate the output 
of GFM inverters and improve load sharing results based on 
real-time DER capacity; 2) adjust P-Q generation under the 
condition of constrained DER capacity for both acceptable 
voltage and frequency deviation. 

C. Foundation of the decentralized and coordinated V-f 
control framework 

In Fig. 1, the primary control signals wref and vdref determine 
the load sharing results and V-f deviation. The foundation of 
the proposed control method is to design a power regulator and 
a V-f regulator, which generate the supplementary signals for 
wref and vdref based on real-time measurements. Specifically, the 
supplementary signal of the power regulator is generated 
according to the error between real-time reference capacity Sr 
and measured output Sm, which automatically re-shares the 
exceeding output among the other inverters. The supplementary 
signal of the power regulator guarantees the constrained 
generation shown in Fig. 3(b). Then, like the conventional  
secondary control, the V-f regulator can further adjust P-Q 
generation along the boundary and perform load power control 
through V-f regulation. Finally, the proposed control 
framework can regulate inverter output and improve V-f 
deviation at the same time.  

As in the conventional droop control, all the supplementary 
signals are generated depending on local measurements. The 
proposed control method further enables cooperation between  

 Generation and load: Generation and load power are 
regulated simultaneously till reaching a new equilibrium. 

 V regulation and f regulation: Requirements for V-f 
deviation are considered at the same time. A tradeoff is 
made while allocating limited DER capacity for V-f 
regulation.  

 P generation and Q generation: Limited DER capacity is 
allocated to P-loop and Q-loop properly. 

As a result, the proposed method is decentralized and 
coordinated. Section III dives into the control framework. 

III. PROPOSED DECENTRALIZED AND COORDINATED 

CONTROL FRAMEWORK 

This section introduces the proposed decentralized and  
coordinated V-f control framework. As shown in Fig. 4(a), the 
control framework consists of a power regulator and a V-f 
regulator. They are implemented locally, generating 

supplementary signals 'w  and 'V for the primary controller 
of each GFM inverter. 

 
(a) 

P (p.u.)

Q (p.u.)

Pg

Qg

 
(b)  

 
(c) 

Fig. 3 Challenges related to DER inadequacy: (a) DC side voltage dip; 
(b) Constrained generation capacity for V-f regulation; (c) Unexpected 
V-f regulation with distinct droop gains. 

A. Power regulator 

The transfer function of the power regulator is shown in (5)-
(6).  
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The errors between Sr and Sm are fed to a proportional-
integral (PI) controller, which is then allocated to the frequency 
and voltage regulation loop according to regulation gains kw and  
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kv, respectively. Typically, if the inverter outputs more power 
than Sr, es is negative, and the inverter will decrease its output 
by decreasing the terminal voltage and angle frequency. The 
final decrease was determined by es proportionally allocated to 
the active power loop and the reactive power loop, specifically, 
the proportion between kw and kv. Given load sensitivity and 
disturbance, a larger kw means more sharing in the active power 
loop and more frequency dip, while a larger kv means more 
sharing in the active power loop and more frequency dip.  

It is worth noting that es allocation by the power regulator 
was not always optimized due to the uncertainties from both the 
generation and load sides. There are no single-value, fixed kw 
and kv that can handle all the disturbance scenarios at the same 
time. Hence, we proposed the V-f regulator to generate 
additional supplementary signals and further adjust the active 
power and reactive power sharing results. In practice, we can 
set kw and kv based on load power factor (PF), so as to match 
the load-side disturbance as much as possible. Specifically, if 
PF = cosθ, then set kw/kv=tanθ. 

B. V-f regulator 

The transfer function of the V-f regulator is shown in (7)-(9).  
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Where ∆f=f0-fm, ∆V=V0-Vm, and Tr is the trigger logic shown in 
Fig. 4.  

The diagram of the trigger logic is shown in Fig. 4(b), which 
considers the relationship between V-f regulation and load-
generation balance. In step 1, it estimates the state of V-f and 
determines the required capacity for V-f regulation. For 
example, if ew>0 (statef=1), more reactive power is required for 
frequency regulation, and frequency regulation will take up 
more generation capacity; in reverse, ew<0 means less need of 
active power and frequency regulation could give up some 
generation capacity. This logic is also applicable to the reactive 
power loop (V regulation loop). Then in step 2, the trigger logic 
judges whether the existing DER capacity is adequate or not to 
meet the V-f deviation requirements, which is categorized into 
the following three conditions. 
 “statef=stateV=1” means V-f droop too much at the same 

time, and both V-f regulation loops need more generation 
capacity. The existing DER capacity is not sufficient to 
regulate V-f, thus load shedding is needed. 

 “statef=stateV=0” means V-f deviations are within the 
acceptable region and no additional regulation signal is 
needed. 

 The remaining combinations of statef and statev mean that 
one regulation (V or f) loop needs more generation 
capacity and the other could give up some generation 

 

(a) 

 
Note: “state=1” means more generation is required; “state=0” means state is 
acceptable; “state=-1” means less generation is required. 

(b)  
Fig. 4 Diagram of decentralized and coordinated control: (a) control 
framework (b) trigger logic of V-f regulator 
 

capacity. Then, grid V-f could be maintained without the 
need for load shedding. 

Note that the power regulator has priority over the V-f 
regulator because it guarantees the capacity constraints that are 
closely related to DC voltage stability. Hence, a power 

Output

0 Input

rS
mS

Se
PIkw

kv

1w

1V

0f
mf'fe

PI
2w

0V
mV've

PI
2V

0 Inputmaxf

maxf

Output

0 InputmaxV

maxV

Output

Power regulator

Tr
ig

ge
r 

  l
og

ic

V-f regulator

V

w

fe

ve

f

V

Input: ef ,ev

Step 1: V-f state estimation

1    ( 0) 

: 0      ( 0) 

1       ( 0)

f f

f f f

f f

state e

state state e

state e

  


 
  

1    ( 0) 

:  0      ( 0) 

1       ( 0)

V V

V V V

V V

state e

state state e

state e

  
  
  

1f vstate state 

Step 2: Trigger logic

No trigger:
ef’= 0, ev’= 0

Trigger load 
shedding:

ef’= 0, ev’= 0

YES

NO

YES

NO
0f vstate state 

Trigger power 
quality regulator:

ef’= ef, ev’= ev

This article has been accepted for publication in IEEE Transactions on Energy Conversion. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TEC.2023.3258919

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
Authorized licensed use limited to: Missouri University of Science and Technology. Downloaded on April 17,2023 at 16:47:47 UTC from IEEE Xplore.  Restrictions apply. 



 
 

6

regulator usually has larger controller gains and higher 
bandwidth than a V-f regulator. 

IV. STATIC FEASIBILITY AND SMALL SIGNAL STABILITY 

This section proves static fixability and small signal stability 
of the proposed control framework through algebraic 
formulation and eigenvalue analysis. 

A. Static feasibility 

The proposed microgrid control framework has two main 
functionalities: 1) regulate the output of GFM inverters through 
load re-sharing; 2) improve V-f deviation by reallocating 
generation capability along the constrained boundary in Fig. 
3(b). The mechanism of load re-sharing is similar to that of the 
adaptive droop gain method, which has been clearly illustrated 
in [21]. Hence, this subsection mainly verifies the second 
functionality through algebraic formulation. 

The V-f regulator is identical to the conventional secondary 
controller when DER capacity is adequate, which improves V- 
f deviation by adjusting the output of inverter-based 
generations. It changes to a constrained secondary controller in 
the transition zone when the load is close to the total generation. 
In the following discussion, the static equilibrium is derived 
when the total generation is insufficient, based on which the 
state change in the transition zone is further derived. 

1) Static equilibrium 

With the focus on a general islanded microgrid formed by N 
inverters, each inverter is connected to an independent bus with 
a local V-f dependent load. Under droop control and the 
proposed framework, there are 6N independent equations, 
including 2N droop equations in (10), 2N load equations in (11), 
and 2N power flow equations in (12). 
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where f is the global steady state frequency; and f0,i and V0,i are 
the nominal frequency and voltage of the ith inverter, 
respectively. Assume the reference inverter has a power angle 
θ=0, and then there are 6N decision variables in (10)-(12), 
including 1 global frequency, N voltage, N-1 power angle, N 
active inverter output, N active load, N active inverter output, 
and N reactive inverter output. The number of decision 
variables equals the total number of equations. Thus, the new 
equilibrium after a given disturbance can be calculated, 
allowing further estimation of the proposed method to reduce 
load shedding. 

2) State transition under constrained DER capacity 

In initial equilibrium, Pinv,i=Pinv0,i and Qinv,i=Qinv0,i. Then, 
assume a step increase in the base load and capacity constraints 
on the inverters. 
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The original equilibrium will transition to a new equilibrium 
while also meeting the network power flow and power balance 
constraints as follows.  
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(14) 

where the prime symbols mark the new state variables. 
During the transition, the conventional droop control is 

rendered ineffective, and the 2N droop equations are replaced 
by N bounded capacity constraints. This gives us freedom to 
design the new generation output. Given that Pg,i’ and Qg,i’ meet 
the capacity constraints in (13), there are 4N state variables and 
4N equations left. Then, for each (Pg,i’, Qg,i’) point on the 
capacity circle, the corresponding new equilibrium V-f 
deviation is solvable, as the number of equations and decision 
variables are identical. 

B. Small signal stability 

The power system model is composed of some differential 
equations and algebraic equations [32, Chapter 9]. The 
proposed power regulator and V-f regulator are incorporated 
into the conventional droop control controller in Fig. 1. Then, 
the complete dynamic model of microgrids is expressed as a set 
of differential-algebraic equations (DAEs) as follows.  

 
( , )

0 ( , )


 

x f x y

g x y


 (15) 

where x is the state variable and x=[ vs , fs , v , f , ud , 

uq , id , iq , p , vd, vq, id, iq, Pm, Qm, igd, igq]; y is the 

algebraic variable and y = [vdref, vqref, idref, iqref, ed, eq, P, Q]. 
After linearizing the DAEs in (15), the small-signal model is 

obtained in (16). Then, the state matrix A is calculated by 
eliminating the algebraic variables. Due to the fact that the V-f 
regulator consists of piecewise functions, each linear part can 
be analyzed according to initial operating points.  

 
0

     
         

x y

x y

f fx x

g g y


 (16) 

 
1x y y xA= f f g g  (17) 

Note that small signal stability can only guarantee the 
stability of the system around a specific equilibrium. As (8) and 
(9) are nonlinear functions with deadbands, time-domain 
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simulation (TDS) was required to validate the stable transition 
between equilibriums, as detailed in Section V. 

C. Exemplified in an ideal system 

This subsection exemplified the static feasibility and small 
signal stability of an ideal three-inverter system in Fig. 5. 

 
Fig. 5 Single-line diagram of the ideal three-inverter system 
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Fig. 6 V-f deviation under bounded generation constraints 

 

1) Static feasibility 
Assume an intentional load increase at the initial operating 

point (P0, Q0). Then, (13) and (14) predict the new equilibrium 
after an intentional load change under the condition that the 
conventional primary controller becomes invalid. Fig. 6 shows 
the new equilibriums when implementing different generation 
strategies under various load increases. To facilitate 
observation, the high-dimensional state space is projected into 
2-dimensional ∆V1-∆f space, where ∆V1 is Bus 1 voltage 
deviation. Based on Fig. 6, we have the following observations: 
a) For Load=102%Sr and Load=105%Sr, although the total 

load is larger than the generation capacity, load-generation 
balance can still be achieved without performing load 
shedding because there are some new equilibriums inside 
the black security rectangle that meet the V-f deviation 
requirements.  

b) If the current operating point is located outside the black 
security rectangle where the V-f regulator may be 
triggered, the P-Q generation can be adjusted along the 
bounded generation circle until the operating point comes 
back to the acceptable region. 

c) If the total load is too large, e.g., Load=108%Sr, load 
shedding is required since there is no operating point inside 
the security rectangle. But the shed load could be less than 
conventional strategies to reduce unnecessary involuntary 
load shedding. For example, 3% to 5% is enough to 
improve V-f deviation using demand control. 
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(c) 

Fig. 7.  Eigenvalue trajectories when sweeping control parameters (a) 
Condition 1: crossing droop gain [kdf, kdv]=[0.025, 0.125]; (b) 
Condition 2: crossing droop gain [kdf, kdv]=[0.0165, 0.0825]; (c) 
Condition 3: crossing power regulator gain [kw, kv]=[0.0825, 0.0619]. 

2) Small signal stability 
We then choose an operating point outside the black security  

rectangle in Fig. 6 and calculate the eigenvalues of A. To verify 
the robustness of the proposed method, we plot the eigenvalues 
by sweeping control parameters in three different ways. 
 Condition 1: sweep droop gain [kdf, kdv] without the 

integration of the proposed control framework. 
 Condition 2: sweep droop gain [kdf, kdv] with the integration 

of the proposed control framework. 
 Condition 3: sweep power regulator gain [kw, kv] with the 

integration of the proposed control framework. 
The eigenvalue trajectories under Conditions 1, 2, and 3 are 

shown in Figs. 7(a), 7(b), and 7(c), respectively, where the 
critical gains that force the eigenvalue to cross the y axis are 
also marked in the title. Based on Fig. 7, we have the following 
observations: 
a) In Conditions 1 and 2, all the eigenvalues are on the left 

half-plane before and after the integration of the proposed 
method. Then, increasing the droop gains could result in 
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Bus 1
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Load 2

Bus 2 Bus 3
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instability, which shows that the system maintains a 
specific stability margin if tuned properly. 

b) Condition 2 has smaller crossing gains than those of 
Condition 1. The integration of the proposed framework 
method could decrease the stability margin of the original 
system, but it still preserves a specific yet sufficient margin 
for increasing the power regulator gains, as shown in 
Condition 3.  

V. CASE STUDY IN A REAL MICROGRID 

This section verifies the functionalities of the proposed 
method in a modified real microgrid, and further demonstrates 
its transient performance between different equilibriums. 

A. Case overview 

The microgrid shown in Fig. 8 operates in islanded mode 
with switch 100 off. It is modified from the Banshee 
distribution system by replacing the diesel generator on BUS 
103 with a battery energy storage system (BESS) and 
connecting a PV and a BESS to BUS 102 and 105, respectively 
[29]. The three GFM inverters are named G1, G2, and G3 in 
Fig. 7. The microgrid also supplies the static V-f dependent ZIP 
load and motor load [29]. The load parameters and inverter 
control parameters are listed in Tab. 1 and Tab. 2, respectively. 
All the simulations were run in MATLAB® version R2020a, 
with a PC Intel® Core i7-8665U CPU at 2.10 GHz and 16 GB 
RAM. 

Two test scenarios are designed to validate the key 
functionalities of the proposed control framework. Scenario 1 
focuses on inverter power regulation, while Scenario 2 focuses 
on the cooperation of the power regulator and V-f regulator, 
which leverage the limited DER capacity and demand control 
to improve V-f deviation and reduce involuntary load shedding.  
In addition, we choose current limiter as a baseline to show the 
advantages of the proposed method. 

B. Scenario 1: inverter power regulation 

Following the timeline, the basic settings of Scenario 1 are 
three-fold:  

a) Before 8 s, G1-G3 are controlled with the conventional 
droop method represented in Fig. 1. 

b) At 8s, the inverter power regulators of G1-G3 are 
implemented and triggered immediately. Meanwhile, 
the real-time reference capacities of G1-G3 are set as 
1.2MVA, 0.6MVA, and 2.0 MVA, respectively. 

c) At 12s, load C2 connected to Bus 106 increases by 
200kW, 100kVar.  

1) Performance of power regulator 
Fig. 9 shows the microgrid performance in Scenario 1, where 

Fig. 9(a) is the dynamic output of G1-G3, Fig. 9(b) is the static 
output, and Fig. 9(c) is the dynamic voltage and frequency.  

In Fig. 9(a), the output of G1 and G3 follows the left axis, 
while the output of G2 follows the right axis, based on which 
we have the following observations: 
 According to the initial setting point (P0, Q0) and droop 

gains (kdf, kdv) before 8 s, all the load is automatically 
shared among G1, G2, and G3 as 1.24MVA, 0.67MVA, 
and 1.24MVA, respectively.  

 At 8s, S1 and S2 violate the real-time capacity constraints, 
and the power regulator starts working. Then, P1, Q1, P2, 
and Q2 decrease until S1 and S2 are regulated to the 
reference value.  

 Even though there is a sudden load increase at 12 s, S1 and 
S2 still converge to the reference value. Meanwhile, P3, 
Q3, and S3 increase at 8 s and 12 s to compensate for the 
decreased generation and the increased load.   
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Fig. 8.  Single line diagram of the islanded microgrid [29] 
 
Table. 1 ZIP load parameters 

Load 
P composition/ 

[P1, P2, P3] 
Q composition/ 

[q1, q2, q3] 
V-f sensitivity/ 

[kpf, kqf] 
L1 0.1, 0.3, 0.6 0.5, 0.3, 0.2 2, -0.1 
L2 0.6, 0.2, 0.2 0.6, 0.2, 0.2 2.5, -2 
C1 0.5, 0.3, 0.2 0.2, 0.3, 0.5 3, -0.1 
C2 0.4, 0.3, 0.3 0.4, 0.3, 0.3 1, -0.5 
P2 0.5, 0.3, 0.2 0.5, 0.3, 0.2 3, -1 

 

Table. 2 Inverter control parameters 

Parameter G1 G2 G3 

Filter 
Lf /H 5×10-5 2.5×10-5 5×10-5 
Cf /F 1×10-5 1×10-5 1×10-5 

Current regulator 
gains [kp, ki] 

[0.5, 2] [0.5, 2] [0.5, 2] 

Voltage regulator 
gains [kp, ki] 

[0.1, 1] [0.1, 1] [0.1, 1] 

Droop gains 
[kdf, kdv] 

[0.01, 0.05] [0.005, 0.025] [0.01, 0.05] 

Power regulator 
gains [kps, kis, kw, kv] 

[0.2, 4, 0.008, 
0.006] 

[0.1, 2, 0.004, 
0.003] 

[0.2, 4, 0.008, 
0.006] 

V-f regulator gains 
[kpf, kif, kpv, kiv] 

[0.05, 1, 0.05, 
1] 

[0.05, 1, 0.05, 
1] 

[0.05, 10, 
0.05, 1] 

 
 

Fig. 9(b) further presents three static operating points at 6s, 
10s, and 14s. In Fig. 9(b), the circle and square operating points 
of G1 and G2 lie exactly on the capacity boundary after 
triggering the power regulator. 

In Fig. 9(c), the voltage and frequency are measured at the 
terminal of G3, and they hardly change after the power 
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regulator starts working. This indicates that the power regulator 
is able to regulate the output of GMF inverters without 
significantly affecting the grid's voltage and frequency. 
2) Comparison with the current limiter 

The existing current limiter is mainly designed for protecting 
devices in abnormal conditions [15]-[16], and the threshold is 
usually set at 2 p.u. to 3 p.u.. To make it more comparable with 
our proposed method, we assume that the threshold is  

 
(a) 

 
(b) 

 
(c) 

Fig. 9. Performance of power regulator in Scenario 1: (a) dynamic 
inverter output; (b) static inverter output; (c) dynamic frequency and 
voltage 
 
adaptively updated according to the real-time DER capacity. In 
addition, the DER capacity is preferentially allocated to the 
frequency regulation loop. Then, the performance of the current 
limiter is shown in Fig. 10. After triggering the current limiter, 
the output of G1 and G2 is limited to their real-time generation 
capacities. However, the sudden limit results in larger voltage 
and frequency deviations around 8 s, as detailed in Fig. 10(c).  

C. Scenario 2: cooperation of power regulator and V-f 
regulator 

In the transition zone shown in Fig. 2, the conventional 
primary and secondary controllers become invalid due to the 
saturation caused by insufficient DER capacity. Then, the 

cooperation of power regulator and V-f regulator becomes 
important. Scenario 2 is further divided into two parts, Scenario  
2-1 and Scenario 2-2, to show their cooperation under various 
load change. Specifically, load C2 increases by 100kW, 
200kVar in Scenario 2-1 while by 200kW, 100kVar in Scenario 
2-2. Following the timeline, Scenario 2-1 and Scenario 2-2 have 
the same settings as follows, and their grid performance is 
shown in Figs. 11-12. 

 
(a) 

 
(b) 

 
(c) 

Fig. 10. Performance of current limiter in Scenario 1: (a) dynamic 
inverter output; (b) static inverter output; (c) dynamic frequency and 
voltage 
 

a) Before 8 s, G1-G3 are controlled with the conventional 
droop method represented in Fig. 1. 

b) At 8 s, load C2 increases.  
c) At 12 s, the reference capacities of G1-G3 are set as 

1.2MVA, 0.6MVA, and 1.2MVA, respectively. The 
total load is thus larger than the total generation capacity, 
and the power regulator starts working. 

d) At 16 s, the V-f regulator starts working. 

1) Performance of the proposed control framework 

Fig. 11 and Fig. 12 show the performance of proposed 
control method in Scenarios 2-1 and 2-2, respectively. They 
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both demonstrate the cooperation of the power regulator and V-
f regulator. 

In Figs. 11(a) and 12(a), as a result of different load change, 
Scenario 2-1 and Scenario 2-2 have distinct load sharing results 
after 8 s. At 12 s, the power regulator starts working. S1, S2, 
and S3 are regulated to 1.2MVA, 0.6MVA, and 1.2 MVA 
around 12.5 s, which are exactly equal to the reference 
capacities. The reduced generation is compensated by the load  

 
(a) 

 
(b) 

 
(c) 

Fig. 11. Performance of the proposed control framework in Scenario 
2-1: (a) dynamic inverter output; (b) static inverter output; (c) dynamic 
frequency and voltage 
 
response to V-f regulation (load power decreases as V-f 
decrease). S1-S3 remain unchanged after triggering the V-f 
regulator at 16s, indicating that the power regulator and the V-
f regulator work well together.  

Figs. 11(b) and 12(b) show the static operating points at 6 s, 
10 s, 14 s, and 18 s. After the power regulator is turned on, the 
circle and square operations of G1-G3 all fall on the constrained 
boundary. 
 Figs. 11(c) and 12(c) show the dynamic frequency and 
voltage measured at the terminal of G3. Both frequency and 
voltage have an obvious dip at 12 s because the total load is 
larger than the generation capacity. To achieve load-generation 
balance again, the load power decreases after the voltage and 
frequency dip. Scenario 2-1 and Scenario 2-2 have different V-

f regulation results due to distinct load change. Scenario 2-1 has 
more reactive power increase and thus a larger voltage dip, 
while Scenario 2-2 has more active power increase and thus a 
larger frequency dip. From 12 s to 16 s, the voltage in Scenario 
2-1 and the frequency in Scenario 2-2 violate the requirements 
of V-f deviation. The violations are mitigated after the trigger 
of the V-f regulator at 16 s without performing any load 
shedding. 

 
(a) 

 
(b) 

 
(c) 

Fig. 12. Performance of the proposed control framework in Scenario 
2-2: (a) dynamic inverter output; (b) static inverter output; (c) dynamic 
frequency and voltage 

2) Comparison with the current limiter 

Like the comparisons in Scenario 1, the threshold of the 
current limiter is adaptively updated according to the real-time 
DER capacity, and active power priority is implemented. We 
discovered that triggering three current limiters simultaneously 
in Scenario 2 would result in instability. Hence, the current 
limiter of G3 is triggered 0.5 s later than those of G1 and G2. 
In addition, the threshold for G3 was gradually decreased. Then, 
the comparison results of Scenarios 2-1 and 2-2 are shown in 
Figs. 13 and 14, respectively. Based on the comparisons, we 
have the following observations: 
 The current limiter causes large P-Q and V-f deviations at 8 

s, while our proposed method has a smoother state transition 
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due to the implementation of a PI controller. 
 The capacity constraints of the current limiter were not 

accurate due to the voltage deviation. Scenario 2-1 has a large 
voltage dip in Fig. 13(c), and the inverter generation were 
inside the capacity circle at 14 s, as shown in Fig. 13(b). 

 The current limiter failed to reallocate the constrained 
generation capacity. Hence, to recover voltage and 
frequency, load shedding is required after 16 s. 

 
(a) 

 
(b) 

 
(c) 

Fig. 13. Performance of current limiter in Scenario 2-1 (a) dynamic 
inverter output; (b) static inverter output; (c) dynamic freq. & voltage. 

In Scenario 2-1, an additional counterintuitive observation 
has been made: the output of the inverters increased following 
load shedding. After load shedding, the grid voltage increased, 
and since the current was constrained by the limiter, the actual 
output increased. 

In general, Scenarios 2-1 and 2-2 verify the proposed 
decentralized and coordinated control framework. The 
framework enables output control of GFM inverters and V-f 
improvement under the condition of constrained DER capacity 
and outperforms the current limiter.  

VI. CONCLUSION 

This paper proposes a decentralized and coordinated V-f 
control framework to address the challenges brought by DER 

inadequacy in islanded microgrids. The control framework is 
composed of a power regulator and a V-f regulator. The power 
regulator can regulate the output of GFM inverters without 
violating real-time reference capacities, while the V-f regulator 
improves the V-f deviation by leveraging the load response to 
voltage and frequency. The control framework is developed 
based on droop control and is thus purely decentralized and not 
dependent on costly communication interfaces. In addition, it 

 
(a) 

 
(b) 

 
(c) 

Fig. 14. Performance of current limiter in Scenario 2-2 (a) dynamic 
inverter output; (b) static inverter output; (c) dynamic freq. & voltage. 
 
guarantees DC voltage stability and reduces involuntary load 
shedding. Within the proposed control framework, three-level 
coordination is achieved simultaneously when DERs are 
inadequate, including 1). Generation and load, 2). V regulation 
and f regulation, and 3). P generation and Q generation. 

This paper focuses on V-f control at the primary level for 
balanced microgrid. Future works may apply the fundamental 
idea to unbalanced systems and develop detailed energy 
management strategies that generate the real-time constrained 
capacity. 
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