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ABSTRACT: This paper investigates the problem of appro-

priate load sharing in an autonomous microgrid. High gain angle 

droop control ensures proper load sharing, especially under weak 

system conditions. However it has a negative impact on overall 

stability. Frequency domain modeling, eigenvalue analysis and 

time domain simulations are used to demonstrate this conflict. A 

supplementary loop is proposed around a conventional droop 

control of each DG converter to stabilize the system while using 

high angle droop gains. Control loops are based on local power 

measurement and modulation of the d-axis voltage reference of 

each converter. Coordinated design of supplementary control 

loops for each DG is formulated as a parameter optimization 

problem and solved using an evolutionary technique. The sup-

plementary droop control loop is shown to stabilize the system 

for a range of operating conditions while ensuring satisfactory 

load sharing. 

 Index Terms: Autonomous Microgrid, Stability, Supplementa-

ry droop, Active and Reactive Power sharing. 
 

I. INTRODUCTION 
 

N AN AUTONOMOUS microgrid, all the distributed gene-

rators (DGs) are responsible for maintaining the system vol-

tage and frequency while sharing the active and reactive pow-

er. Load sharing without communication between converters 

is the most desirable option as the network can be complex 

and can span over a large geographic area. A common ap-

proach to achieve this is through the use of frequency droop 

characteristics so that the parallel converters can be controlled 

locally to deliver desired real and reactive power to the sys-

tem. The real and reactive power sharing can be achieved by 

controlling two independent quantities – the frequency and the 

fundamental voltage magnitude [1, 2]. The impact of such 

load sharing on system stability has been explored in [3-6]. 

Transient stability of power system with the high penetration 

level of power electronics interfaced (converter connected) 

distributed generation is explored in [7]. The robust stability 

of a voltage and current control solution for a stand-alone DG 

unit is analyzed in [3] using structured singular values. This 

results in a discrete-time sliding mode current controller. In 

[5], the small-signal stability analysis of the combined droop 

and average power method for load sharing control of multiple 

distributed generation systems (DGs) in a stand-alone ac 

supply mode is discussed. The small-signal model is devel-

oped 
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and its accuracy is verified from simulations of the original 

nonlinear model. 

Modeling and analysis of autonomous operation of conver-

ter-based microgrid is presented in [6], in which the converters 

are controlled based on voltage and frequency droop. Each 

sub-module of the system is modeled in state-space form and 

all the modules are then combined together on a common ref-

erence frame. The model captures the detail of the control 

loops of the converter but not the switching action. Normal PI 

controllers are used for voltage and current control. 

Droop control based on the angle of the output voltage, re-

ferred to as angle droop, is advantageous over the commonly 

used frequency droop. It is therefore adopted in this paper. 

Frequency regulation constraint limits the allowable range of 

frequency droop gain, which in turn, may lead to chattering 

during frequent load changes in a microgrid. Hence, for vol-

tage source converter (VSC) based DGs, better load sharing 

can be done by drooping the converter output voltage angle 

instead of frequency. The application of angle controller in a 

converter interfaced DG is shown in [8]. This requires signals 

from global positioning system (GPS) for angle referencing, 

but no communication link between converters [9]. The initial 

angles are set based on the desired level of power sharing and 

the real power droop coefficients can be chosen depending on 

the maximum and minimum value of load demand and load 

sharing ratio. Moreover, the inclusion of linear quadratic regu-

lator based state feedback controller makes reference follow-

ing effective and shows a faster convergence compared to the 

frequency droop considered in [6]. 

It is shown that high values of angle droop gains are re-

quired to ensure proper load sharing, especially under weak 

system conditions. However, high droop gains have a negative 

impact on the overall stability of the system as illustrated 

through eigenvalue analysis and simulations. A supplementary 

control loop is proposed around the primary droop control 

loop to stabilize the system while ensuring proper load shar-

ing. The control loops for each DG converter are based on 

local power measurement and modulation of the d-axis vol-

tage reference. 

The design of the supplementary controllers is formulated 

as a parameter optimization problem with constraints on the 

closed loop stability over a range of operating conditions. The 

structure of the controller is fixed a priori and the parameters 

are derived out of the optimum solution. Lack of reasonable 

initial guess prompted use of evolutionary technique for solv-

ing the optimization problem. The use of the proposed sup-

plementary droop control loop stabilizes the system for a 
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range of operating conditions while ensuring satisfactory load 

sharing.  

The original contribution of this paper is in enabling the use 

of higher angle droop gains for improved load sharing. The 

negative impact on stability is addressed using the proposed 

supplementary control loop. Modeling, eigenvalue analysis, 

control design through parameter optimization and time do-

main simulations are used to illustrate the claims. The pro-

posed control is aimed for a microgrid with only converter 

interfaced DG and in presence of inertial DGs, where the rate 

of power output is determined by machine inertia, the control 

law has to be modified.  
 

II. CONVERTER STRUCTURE AND CONTROL 
 

The important variables that are used in the remainder of 

the paper are listed below. 

gains controller droop,

frequency offcut filter  pass low

outputpower  reactive and real converter ,

angle tageoutput volconverter 

ltagenetwork vo

gainsfeedback  state,,

currentcapacitor filter converter 

currentoutput converter 
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Also note that uppercase letters indicate rms values, while the 

lowercase letters indicate instantaneous values.  

All the DGs are assumed to be an ideal dc voltage source 

supplying a voltage of Vdc to the VSC. The structure of the 

VSC is shown in Fig. 1. The VSC contains three H-bridges 

that are supplied from the common dc bus. The outputs of the 

H-bridges are connected to three single-phase transformers 

that are connected in wye for required isolation and voltage 

boosting [10]. The resistance RT represents the switching and 

transformer losses, while the inductance LT represents the lea-

kage reactance of the transformers. The filter capacitor Cf is 

connected to the output of the transformers to bypass switch-

ing harmonics, while Lf represents the output inductance of the 

DG source. 
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Fig. 1. Converter structure. 

 

The equivalent circuit of one phase of the converter is shown 

in Fig. 2. In this, uVdc represents the converter output voltage, 

where u is the switching function and is given by u = ± 1. The 

main aim of the converter control is to generate u. From the 

circuit of Fig. 2, the following state vector is chosen 

 cfcf
T viix 2                   (1) 

where converter output voltage is the same as the voltage 

across the filter capacitor vcf. Then the state space description 

of the system can be given as 

BuAxx                       (2) 

The discrete-time equivalent of (2) is 

     kGukFxkx 1                 (3) 

The control law is then given by 

      kxkxKku refc                 (4) 

 
  1 then  elseif
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uhku

uhku

c

c
              (5) 

where h is a small number, K is a gain matrix and xref is the 

reference vector. The gain matrix, in this paper, is obtained 

through linear quadratic regulator (LQR) design. The above 

control action results in perfect tracking when the error is 

within limit [11]. For the model derivation of the next section, 

the switching action is neglected. 
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Fig. 2. Single-phase equivalent circuit of VSC. 

 

III. DROOP CONTROL, DG REFERENCE GENERATION AND 

POWER SHARING 
 

The same control strategy, as discussed in this section, is 

applied to all the DGs. It is assumed the total power demand in 

the microgrid can be supplied by the DGs and no load shed-

ding is required. The output voltages of the converters are con-

trolled to share this load proportional to the rating of the DGs. 

As an output inductance is connected to each of the VSCs, the 

real and reactive power injection from the DG source to the 

microgrid can be controlled by changing voltage magnitude 

and its angle [1-4]. Fig. 3 shows the power flow from a DG to 

the microgrid where the rms values of the voltages and current 

are shown and the output impedance is denoted by jXf. It is to 

be noted that real and reactive power (P and Q) shown in this 

figure are average values. 
 

A. Droop Control 
 

The instantaneous real and reactive powers, denoted by p 

and q respectively, from the DG to the microgrid can be calcu-

lated as 
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Fig. 3. Microgrid-DG connection, 
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These instantaneous powers are passed through low pass fil-

ters to obtain the average real and reactive power P and Q. It 

is to be note that the VSC does not have any direct control 

over VtÐt. Hence from (6), it is clear that if the angle differ-

ence   (δ  δt) is small, the real power can be controlled by 

controlling δ, while the reactive power can be controlled by 

controlling V. Thus the power requirement can be distributed 

among the DGs, similar to conventional droop by dropping the 

voltage magnitude and angle as 

 
 ratedrated

ratedrated

QQnVV

PPm



 
               (7) 

where Vrated and δrated are the rated voltage magnitude and an-

gle respectively of the DG, when it is supplying the load to its 

rated power levels of Prated and Qrated. The coefficients m and n 

respectively indicate the voltage angle drop vis-à-vis the real 

power output and the magnitude drop vis-à-vis the reactive 

power output. These values are chosen to meet the voltage 

regulation requirement in the microgrid. The coefficient val-

ues for different DGs are chosen such that they share the load 

in proportion to their rating. Let us assume that there are a 

total number of Z DGs in the system and their droop coeffi-

cients are denoted by m1, , mZ and n1, , nZ. Then the pow-

er sharing between the DGs can be given as 

DratedZrated

DratedZrated

QnQn

PmPm
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B. DG Reference Generation 
 

It is evident from (4) that the reference for all the elements 

of the states, given in (1), is required for state feedback. Since 

V and  are obtained from the droop equation (7), the refer-

ence for the capacitor voltage and current are given by 

   tVvcfref cos                  (9) 

   tCVi fcfref sin              (10) 

The reference for the current i2 can be calculated as 

f

tcf
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vv
i


2                  (11) 

The above equation will need a phase shifter for the calcula-

tion of the instantaneous current reference. This may not be 

desirable. Hence the measured values of the average real and 

reactive power output of the VSC can be used to find the 

magnitude and phase angle of the reference rms current. From 

Fig. 3, it can be seen that 
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Hence the current reference can be given as 

 refrefref ItIi 222 cos Ð              (12) 

It is to be noted that all the converters are operated in a 

fixed frequency of 50 Hz and the angles are controlled with 

reference to a common 50 Hz reference. 
 

C. Power Sharing with Angle Droop 
 

To show the power sharing with angle droop, two DGs and 

a load are considered as shown in Fig. 4.  
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Fig. 4. Power Sharing with Angle Droop. 

 

The voltages and the power flow are indicated in the figure. 

Applying DC load flow with all the necessary assumptions we 

get, 

2222

1111

)(

)(

P

P

L

L








                  (13) 

where λ1 = ωL1/(V1V) , λL1 = ωLLine1/(V1V), λ2 = ωL2/(V2V) and 

λL2 = ωLLine2/(V2V). 

The angle droop equation of the DGs are given by 

 
 22222

11111

PPm

PPm

ratedrated

ratedrated








           (14) 

The offset in the angle droop are taken such that when DG 

output power is zero, the DG source angle is zero. For that, the 

rated droop angles are taken as δ1rated = m1P1rated and δ2rated = 

m2P2rated. Then from (14), we get 

221121 PmPm                    (15) 

Similarly from (13), we get 

22211121 )()( PP LL               (16) 

Assuming the system to be lossless, we can find from Fig. 4 

that P2 = PL  P1 and substituting this (15) and (16) we get, 
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Similarly P2 can be calculated as  
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From (17) and (18), the ratio of the output power is calcu-

lated as, 

111

222

2

1

m

m

P

P

L

L









                   (19) 

It is to be noted that the values of λ1 and λ2 are small com-

pared to the value of m1 and m2. The value of the feedback 

gain (m1=1x10-6) should be compared with the λ1 = ωL1/(V1V) 

and λL = ωLLine1/(V1V). For an 11 KV system, the calculated 

value of λ1 for DG-1 is 0.19 x10-6, while λL1 is 0.039 x10-6 

and both are smaller than m1. However, the output inductances 

are also chosen as inversely proportional to the power rating 

of the DGs. Thus the error in proportional power sharing is 

due to line inductances (as per 19) and it is very small. More-

over the microgrid line is considered to be mainly resistive 

with low line inductance and the DG output inductance is 

much larger, and hence we can write 

222111  and LL mm    

Therefore from (18) it is evident that the droop coefficients 

play the dominant role in the power sharing. As the droop 

coefficients are taken as inversely proportional to the DG rat-

ing, from (18) we can write 

rated

rated

P

P

m

m

P

P

2

1

1

2

2

1                  (20) 

The error is further reduced by taking the output inductance 

(L1, L2) of the DGs inversely proportional to power rating of 

the DGs. If the microgrid line is inductive in nature, and of 

high value, then the network knowledge is needed to minimize 

the error by choosing the DG output inductance such that 
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The system shown in Fig. 4 is a very simple example to 

show the power sharing. In a real system with number of DGs 

and loads in different location line impedance will have an 

impact on the load sharing. But for a microgrid within a small 

geographical area, the line inductance will never be very high. 

Moreover a high droop coefficient will always play a domi-

nant role and will enable desired sharing with a very small 

deviation.  A comparison of angle droop with traditional fre-

quency is given in Appendix B. 

It is to be noted that if the GPS signal is lost for one of the 

generator for several seconds, then the local clock can be suf-

ficient for satisfactory operation. This is possible since a local 

clock can provide a reasonable representation of GPS time tag 

for tens of seconds but eventually the operating point shift in 

response to load change will cause degradation in power shar-

ing. If this loss of signal continues then this unit can not par-

ticipate in system wide load sharing and must revert to local 

load support or tripped. If there is sufficient concern about 

system wide loss of GPS reference signal, then a radio refer-

ence signal could be used. 

IV. STATE SPACE MODEL OF AUTONOMOUS MICROGRID 
 

The stability of a microgrid with high droop gains needs to 

be studied through the analysis of state-space models, and so 

suitable models of converters are needed to complement the 

well-established models of rotating machines. As machine 

models include features such as automatic voltage regulators 

and wash-out functions, the converter model should also in-

clude the internal control loops [12]. In an autonomous micro-

grid that contains converter based DGs only, the fast switching 

action can influence the network dynamics [6]. Hence the 

network is modeled by differential equation rather than alge-

braic equations for stability investigation. So far we have pre-

sented the single-phase control of the converter. However, for 

the analysis of the total microgrid system, a common reference 

frame is chosen and the system voltages and currents are con-

verted in a DQ reference frame. 

Fig. 5 shows the block diagram of the complete microgrid 

system containing Z DGs. It is assumed that the model of each 

of the DGs is the same. This includes the VSC with its state 

feedback controller, droop controller and the interface block 

that connects the converter to the network. The system equa-

tions are nonlinear and thus they are linearized to perform 

eigenvalue analysis. The linear quantities are denoted by the 

prefix . The measured real and reactive power output (ΔP, 

ΔQ) of converter is fed to the droop controller, while voltage 

reference (Δvcfref, Δδref), set by droop controller, is fed back to 

the converter. The DGs are connected to the network through 

the interface block which converts the input/output signal 

from DG reference frame to the common reference frame and 

vice versa. Each DG block has current output to the network, 

which is converter output current (Δi2D, Δi2Q) and network 

voltage as input (ΔvtD, ΔvtQ). Similarly, the input to the load 

model is the network voltage at the connected nodes (ΔvtD, 

ΔvtQ) and its output is the load current (ΔiLoadDQ). The state 

space equations of the DG-VSC, load and network are derived 

separately in a modular fashion. These are then combined to-

gether depending on the network structure to get the overall 

microgrid system model. 
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Fig. 5. Interconnection diagram of the complete microgrid system. 

 



A. Converter Model 
 

From equivalent circuit shown in Fig. 2, the following eq-

uations are obtained for each of the phases of the three-phase 

system 

 
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Equations (21-23) are translated into a d-q reference frame of 

converter output voltages, rotating at system frequency ω,  

Defining a state vector as 

T
cfqcfdqdqdi vviiiix ][ 2211  

the state equation in the d-q frame is given by 

tdqcdqiii vBuBxAx 21               (24) 

It is assumed here that the tracking is perfect and hence, in 

the limit, u can be represented by uc. From (4), ucdq can be ex-

pressed as 
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The above equation can be written in matrix form as 
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where, 
T

cfrefqcfrefdcfrefqcfrefdrefqrefdrefdq vviiiiy ][ 22  

Substituting (26) into (24) we get 

  tdqrefdqiiii vByHBxGBAx 2111          (27) 

Since Vdc is assumed to be constant, the linearization of (27) 

will not alter B1. This linearization results in 

tdqrefdqCONViCONVi vByBxAx  2
        (28) 

where , ACONV = Ai + B1Gi and BCONV = BiHi. 

The current reference can be expressed in terms of the vol-

tage reference as 
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Combining (29) and (30), the reference vector is given as 

tdqcfrefdqrefdq vMvMy  21            (31) 

Combing (28) and (31) we get the converter model as 

tdqBUScfrefdqTiCONVi vBvBxAx         (32) 

where BT = BCONVM1 and BBUS = BCONV (M2 + B2). 
 

B. Droop Controller 
 

The droop controller sets the references for converter output 

voltage magnitude and its angle. The output voltage of the 

converter is equal to voltage across the capacitor Cf. The 

measured instantaneous real and reactive power are passed 

through two lowpass filters to obtain the average values of P 

and Q respectively. These can be expressed as 
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where ωc is cut-off frequency of the filter. Linearizing equa-

tion (33) we get, 
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Let us now define the three-phase reference filter capacitor 

voltages as 
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     (35) 

From the above equation we get 

0  and   cfrefqcfrefcfrefd vVv             (36) 

It can be seen from Fig. 3 that vcf is the converter output vol-

tage. Hence from (7) and (36), we can write the voltage droop 

equation as 

 ratedratedcfrefcfrefd QQnVVv           (37) 

Linearizing and combining (7) and (37) them we get the droop 

controller model as 
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C. Combined Converter-Droop Control Model 
 

Let us now substitute ΔVcfrefdq from (38) in the converter 

model of (32). This gives 

tdqBUSGiCONVi vB
Q

P
BxAx 












         (39) 

Combining the converter and droop controller state vectors 

together an extended state vector is formed as 

 TcfqcfdqdqdCONV vviiiiQPx 2211  

The combined state equation is then written as 

tdqcCONVcCONV vBxAx             (40) 

 

D. Transformation to Common Reference Frame 
 

Since all the converters are modeled individually with their 

own d-q axis reference, they need to be transformed into 

common reference D-Q frame. The small signal output current 

of the converter in D-Q frame is 

 CdqSDQ TiTi 22               (41) 

Similarly the input to the converter from the network, the net-

work voltage can be expressed in as, 


 11

VtDQStdq TvTV             (42) 

Substituting equation (42) in (40) we get 

 1PtDQLCONVcCONV BvBxAx        (43) 

where BL = BC TS
1 and BP1 = BC TV

1 

It is to be noted that Δδ in equation (43) can be expressed as 

the droop controller output equation in terms of ΔP. It is as-

sumed that the change in angle in the converters is instantane-

ous such that the converter produces the demanded angle (δref). 

The state equation (43) can be written as 

tDQLCONVLCONV vBxAx             (44) 

where  781  PcL BmAA . Similarly (41) is expressed as 

CONVPDQ XCi  2                (45) 

Let us assume that the microgrid has Z number of DGs with 

their state space and output equations being given by (44-45) 

as 

Zi
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Then the combined state space equation including all the con-

verters in the system is written as 

ZZZ

tZZZZZ

xCi

vBxAx





2


              (47) 

The network and loads are then modeled and combined with 

(47) to get a homogenous state equation of the form 

TTT xAx                    (48) 

where xT is the total state vector of the microgrid system. The 

derivation of (48) is not shown here. The eigenvalues of the 

matrix AT describes the closed-loop stability of the system. 
 

V. SYSTEM STRUCTURE AND EIGENVALUE ANALYSIS OF MI-

CROGRID 
 

The structure of the study system is shown in Fig. 6. The 

real and reactive powers supplied by the DGs are denoted by 

Pi, Qi,  i = 1, , 4. The real and reactive power demand from 

the loads are denoted by PLi, QLi, i = 1, , 5. The line imped-

ances are denoted by Z12-Z89 in the figure. The system matrix 

AT is derived with all the parameter shown in Table-I for ei-

genvalue analysis. 

P1 Q1 P2 Q2 P4 Q4

1 2 3 4

5

6 7 8 9

Ld1 Ld2 Ld3 Ld4 Ld5

Z12 Z23 Z34 Z45 Z56 Z67 Z78 Z89

 

DG-1

 

DG-2

 

DG-3

 

DG-4

P3 Q3

E3Ð3E2Ð2E1Ð1 E4Ð4

LG1 LG2 LG3 LG4

Fig. 6. Microgrid system under consideration. 

We shall term the system to be operating under nominal 

condition when the system operates with the parameters given 

in Table-I. The droop gains for the nominal condition are 

smaller. The eigenvalues of the system for this nominal oper-

ating condition are shown in Fig. 7. It can be seen that the ei-

genvalues, based on their damping (real component), are 

placed on four different clusters. It will be shown that the do-

minant eigenvalues of cluster 1 are sensitive to the changes in 

the droop controller parameters. The eigenvalues of clusters 2, 

3 and 4 are sensitive to the other parameters, like filter, state 

feedback controller, load etc., and their effects are not investi-

gated here. 

Fig. 8 shows the locus of the eigenvalues of cluster 1 as the 

droop controller real power coefficient m changes. Note that 

both the complex conjugate pairs are not shown here. It can be 

seen that for a very high value of m (0.11×105), a complex 

conjugate pair of eigenvalues almost reaches the imaginary 

axis indicating a low system stability. For m = 0.15×105, the 

above pair crosses the imaginary axis and one more eigenva-

lues pair crosses imaginary axis, indicating an unstable opera-

tion. 

 

Fig. 7. Eigenvalues for nominal operating condition. 

 

 



TABLE-I: NOMINAL SYSTEM PARAMETERS 

System Quantities Values 

Systems frequency 50 Hz 

Feeder impedance 

Z12 = Z23 = Z34 = Z45 = Z45 =  Z56 = 

Z67 = Z78 = Z89 

 

1.03 + j 4.71  

Load ratings 

Ld1 

Ld2 

Ld3  

Ld4 

Ld5 

 

100 kW and 90 kVAr 

120 kW and 110 kVAr 

80 kW and 68 kVAr 

80 kW and 68 kVAr 

90 kW and 70 kVAr 

DG ratings (nominal) 

DG-1 

DG-2 

DG-3 

DG-4 

 

100 kW 

200 kW 

150 kW 

150 kW 

Output inductances 

L1  

L2  

L3   

L4  

 

75 mH 

37.5mH  

56.4 mH 

56.4mH 

 

System Quantities Values 

DGs and VSCs 

DC voltages (Vdc1 to Vdc4) 

Transformer rating 

VSC losses (Rf) 

Filter capacitance (Cf) 

Hysteresis constant (h) 

 

3.5 kV 

3 kV/11 kV, 0.5 MVA, 2.5% 

Lf 

1.5  

50 F 

10-5 

Droop Coefficients 

Powerangle  

(Lower Droop Gains) 

m1 

m2 

m3 

m4 

Powerangle  

(Higher Droop Gains) 

m1 

m2 

m3 

m4 

VoltageQ 

n1 

n2 

n3 

n4 

 

 

 

0.1 rad/MW 

0.05 rad/MW 

0.075 rad/MW 

0.075 rad/MW 

 

 

1.0 rad/MW 

0.5 rad/MW 

0.75 rad/MW 

0.75 rad/MW 

 

0.04 kV/MVAr 

0.02 Kv/MVAr 

0.03 Kv/MVAr 

0.03 Kv/MVAr 

 

 

Fig. 8. Eigenvalue locus with real power droop gain change. 

It is to be mentioned here that the gains of the state feed-

back controllers have no adverse effects on the system stabili-

ty. The controllers are designed using LQR, which is very 

robust. This has been observed by changing the cost function 

in the LQR design and the results are not shown here. 
 

VI. SUPPELEMENTARY DROOP CONTROL LOOP 

 

The schematic layout of the supplementary loop around the 

conventional droop control is shown in Fig. 9. The real power 

output Pi, of the ith converter is fed through a high pass wa-

shout circuit (with 0.05 s time constant) to capture the oscilla-

tory behavior, eliminating the dc component, Pi about the 

steady-state value Pi. The supplementary control signal, vdrefi, 

modulates the output of the droop controller to generate a 

modified d-axis voltage reference, vdrefi´ for each converter. 

Equation (7) is then modified for the ith converter as 

 

  iiratediiratediii

iiratediiratediii

VQQnVVVV

PPm





*

*


     (49) 

where Vi and δi are the voltage  magnitude and voltage an-

gle correction by the supplementary controller signal Vdrefi. 

The resultant voltage reference for the converter is  

qrefidrefiii VjVV *
'**
Ð             (50) 

 

Fig. 9. Supplementary Droop Controller Configuration 

When the DGs are supplying rated power, the angle of the 

converter output voltage is δrated. As the δirated = miPirated, the 

rated angles for all the DGs are 0.1 rad,. It is to be noted that 

the rated angles are chosen so that when the output power of 

the DGs are zero, the reference output voltage angle is zero.  

The test system considered for this study has three critical 

oscillatory modes with frequencies in the vicinity of 50 Hz 

which require stability enhancement. To ensure adequate con-

trollability and observability of these modes, each of the four 

converters were equipped with a separate supplementary con-

trol loop. The structure of each controller was fixed a priori 

and is comprised of three lead-lag blocks and a gain as shown 

in Fig. 10 for the ith converter. The calculation of these un-

known gains, Ki, i=1,2,3,4, and the time constants Tij, i 

=1,2,3,4; j = 1,2,..,6, are formulated as a parameter optimiza-

tion problem with the constraint on stability of the closed-loop 

over a range of operating conditions. A lower limit of 0.01 and 

an upper limit of 100 were imposed on the search space of the 

denominator time constants to ensure stable poles and fast 

enough controller response. Simultaneous design of the four 



decentralized controllers eliminates possible interactions and 

ensures overall stability due to their combined action. 

 

Fig. 10. Supplementary controller structure 

It is not straight forward to solve the above parameter opti-

mization problems using analytical techniques [13, 14], one of 

the reasons being lack of proper choice of initial guess. Hence, 

swarm optimization [15] – one of the standard evolutionary 

techniques – was employed here. The optimum gains and time 

constants obtained are shown in Table II. Parameters of the 

supplementary controllers are tuned simultaneously to elimi-

nate possible interactions. No constraint on gain of the con-

troller and lead time constant of each lead-lag compensator 

block have been imposed during the optimization stage to al-

low more search space. This has resulted in one negative gain 

and a few right half plane zeros in the compensator. If the 

phase compensation required is less than zero, it is more effec-

tive (in terms of the number of lead-lag blocks required) to use 

a negative feedback (180 degrees) and to compensate for only 

the difference between 180 degrees and original phase com-

pensation. For the first channel with negative gain (K1) this 

turned out to be the case. Also a non minimum phase feedback 

controller does not imply a non minimum phase closed loop 

system. The step responses did not show any evidence of non 

minimum phase behavior. Constraining feedback to be mini-

mum phase for this problem with a wide range of droop gains 

resulted in no feasible solution. Permitting non minimum 

phase feedback enabled a feasible solution to be found. If 

there were less onerous requirement on the range of gain then 

a feasible solution become possible with a minimum phase 

constraint. However we placed the major emphasis in accurate 

sharing and the optimization process results in right half plane 

zeros as mentioned above. 

A standard lead lag compensation structure, which is most 

widely adopted and easily implementable structure of different 

kind of supplementary controllers in power system application 

such as PSS (Power System Stabilizer), is adopted during con-

trol design.  
 

Table-II: Parameters of the supplementary droop control loop 

Parameters 
Conv 

1 

Conv 

2 

Conv 

3 

Conv 

4 

Ki -13.8409 4.8089 12.3064 12.4806 

Ti1 13.1384 -12.805 14.6033 14.8943 

Ti2 8.6429 12.4003 13.9471 1.0895 

Ti3 15.6881 16.1046 -1.1439 -14.482 

Ti4 0.3669 0.01 6.1067 0.01 

Ti5 3.8954 5.2054 0.01 0.4818 

Ti6 0.2475 0.4223 0.01 5.9059 

 

As high droop gains are needed for proper load sharing, the 

proposed supplementary controller is aimed to guarantee the 

system stability even with high droop gains. Fig. 11 shows the 

close loop eigenvalue trajectory as function of m for the simi-

lar variation as in Fig. 8. It can be seen that with the proposed 

controller, the eigenvalues stays in the left side of the S plane 

indicating stable operation of the system. Note that the con-

troller gains were optimized to obtain a good performance 

over a range of operating conditions despite the requirement of 

stabilizing a family of a number of unstable plants with a fixed 

structure low order compensator. This has resulted in the 

change of frequencies of the dominant eigenvalues. However, 

as the frequencies did not migrate either up to the switching 

range or down to the low oscillatory frequency range, it was 

not necessary to modify the performance index to avoid the 

frequency shift. 

 

Fig. 11. Eigenvalue locus with the change in real droop gain 

VII. SIMULATION STUDIES 

 

Simulation studies are carried out in PSCAD/EMTDC (ver-

sion 4.2). Different configurations of load and power sharing 

of the DGs are considered. The DGs are considered as inertia 

less dc source supplied through a VSC. The system data used 

for eigenvalue analysis (Table-I) are also used here. The lower 

and higher values of the droop controller parameter are shown 

in Table-I. The numerical values of simulation results are 

shown in Appendix-A, Table-III. The power sharing ratios, 

along with the desired ratios (indicated within parentheses) 

and the mean error in power sharing with and without supple-

mentary controllers are shown in the table. 
 

A. Case 1: Full System of Fig. 6 with Lower Droop Gains 
 

In this case, it is assumed that all the DGs and loads are 

connected to the microgrid as shown in Fig. 6. The lower 

droop gains values of controller parameters, given in Table-1, 

are considered here. With the system operating in the steady 

state, Ld1 changed to 155 kW from 100 kW at 0.25 s. Fig. 12 

(a) shows the real power sharing while Fig. 12 (b) shows the 

three phase terminal voltages of DG-1. It can be seen that the 

controller provides proper load sharing with stable system 

operation. 
 

B. Case 2: Reduced System with Lower Droop Gains 
 

To investigate the load sharing with reduced system, DG-2 

and DG-3 are disconnected at 0.25 s and the total power is 

shared by DG-1 and DG-4 as shown in Fig. 13. At 1.3 s, Ld2 

Ld3, Ld4 and Ld5 are also disconnected. The two DGs con-

nected to the microgrid supply the 100 kW load, Ld1. It can be 

seen that system operation is stable. However due to weak 

system condition, as the DGs are located geographically far 



from each other, they can not share load in the desired ratio of 

1:1.33 (see Table-III, Appendix A).  

 

Fig. 12. Real and reactive power during a change in load 1. 
 

C. Case 3: System Stability with High Droop Gain 
 

As discussed before in Section III.C, the power sharing can 

be made independent of the system condition and the conver-

ter output reactance by choosing high droop controller gains. 

The eigenvalue analysis, on the other hand, predicted system 

instability for such gains. To investigated the system stability 

with high droop gain, the full system (Case-1) is operated first 

with lower value of droop gain and at 0.2 s, the droop gains 

are changed to higher values as mentioned in Table-I. Fig. 14 

(a) shows the system response with only droop controller 

while Fig. 14 (b) shows system response with proposed sup-

plementary droop controller. The response validate the eigen-

value analysis of Figs. 8 and 11, where it is predicted that sta-

ble operation with high droop gains are possible with the pro-

posed supplementary controller.  

 

Fig. 13.Power sharing with reduced system 

 

D. Case 4: Power Sharing with the Proposed Supplementary 

Controller 
 

In this section, we shall investigate the load sharing capabil-

ity with proposed supplementary controller and the system 

stability. All the simulations are done with high droop control-

ler gain as mentioned in Table-I. With the system running in 

steady state and supplying power to all the loads, Ld5 is dis-

connected from the microgrid at 0.25 s. Fig. 15 shows the sys-

tem response. The power output of all the converters reduces 

proportionally and system attains steady state within 8-10 

cycles. The droop controller converter output voltage refer-

ence angle and supplementary controller d-axis voltage mod-

ulation is shown in Fig. 16, which clearly shows a damping 

type controller with 90 phase shift during transients. 

 

Fig. 14. System stability with high droop gain. 

 

Fig. 15. Power sharing with proposed controller. 

 
Fig. 16.Droop controller and supplementary controller output. 

 

E. Case 5: Power Sharing with the Proposed Controller in 

Reduced System 
 

The power sharing with the proposed controller in the re-

duced system is investigated in this section. DG-1 is discon-

nected first at 0.25 s when system is running in steady state. 

Fig. 17 shows the response and it can be seen that the other 

three DGs supply the extra power requirement. Ld5 is discon-

nected at 1.3 s and the DG outputs reduce proportionally. 



From the system response and numerical values (Appendix-A) 

it can be concluded that the DGs share the loads as desired 

while ensuring stable operation of the system. 

 

Fig. 17. System response for different system configuration. 

To validate the performance of the supplementary proposed 

controller, the microgrid is operated similar situation as de-

scribed in Case 2 with reduced system. Fig. 18 shows the sys-

tem response. The proper power sharing (see Appendix A) 

with stable operation of the system indicates the efficacy of 

the proposed supplementary controller. 

 

Fig. 18. Power sharing in reduced system. 

 

VIII. CONCLUSIONS 
 

Load sharing in an autonomous microgrid through angle 

droop control, instead of commonly used frequency droop, is 

investigated in this paper. High gain angle droop control en-

sures proper load sharing, especially under weak system con-

ditions, but has a negative impact on the overall stability. This 

is illustrated through frequency domain modeling, eigenvalue 

analysis and time domain simulations. A supplementary loop 

is proposed around the primary droop control loop of each DG 

converter to stabilize the system despite having high gains that 

are required for better load sharing. The control loops are 

based on local power measurement and modulation of the d-

axis voltage reference of each converter. The coordinated de-

sign of supplementary control loops for each DG is formulated 

as a parameter optimization problem and is solved using an 

evolutionary technique. The use of the supplementary droop 

control loop is shown to stabilize the system for a range of 

operating conditions while ensuring satisfactory load sharing. 
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APPENDIX-A 

 

Table-III: Numerical Results: 

Case-1:Section VII.A 

Full System of Fig. 6 with Lower Droop Gains: Fig.12 (a) 

Power Initial value Final value  Times of PDG1 

Initial 

Times of PDG1 

Final 

PDG1 0.077 MW 0.090 MW 1.0 (1.0) 1.0(1.0) 

PDG2 0.154 MW 0.168 MW 2.0(2.0) 1.867(2.0) 

PDG3 0.107 MW 0.119 MW 1.389(1.33) 1.32(1.33) 

PDG4 0.109 MW 0.124 MW 

 

1.415(1.33) 1.378(1.33) 

http://ieeexplore.ieee.org/xpl/RecentCon.jsp?punumber=8076
http://ieeexplore.ieee.org/xpl/RecentCon.jsp?punumber=8076
http://ieeexplore.ieee.org/xpl/RecentCon.jsp?punumber=8076


Case-2:Section VII.B 

Reduced System with Lower Droop Gains : Fig.13 

Power Initial 

value 

Interme-

diate 

Value 

Final 

value 

Times of 

PDG1 

Initial 

Times of 

PDG1 

Final 

PDG1 0.079 

MW 

0.198 

MW 

0.046 

MW 

1.0 

(1.0) 

1.0 

(1.0) 

PDG2 0.154 

MW 

0 MW 0 MW 1.94 

(2.0) 

0.0 

(0.0) 

PDG3 0.106 

MW 

0 MW 0 MW 1.34 

(1.33) 

0.0 

(0.0) 

PDG4 0.108 

MW 

0.229 

MW 

0.051 

MW 

1.36 

(1.33) 
1.108 

(1.33) 

Case-4: Section VII.D 

Power Sharing with the Proposed Supplementary Controller : Fig.15 

Power Initial 

value 

Final 

value 

Times of PDG1 

Initial 

Times of PDG1 

Final 

PDG1 0.078M

W 

0.064 

MW 

1.0 

(1.0) 

1.0 

(1.0) 

PDG2 0.152 

MW 

0.129 

MW 

1.95 

(2.0) 
2.02 

(2.0) 

PDG3 0.107 

MW 

0.083 

MW 

1.36 

(1.33) 

1.29 

(1.33) 

PDG4 0.108 

MW 

0.087 

MW 

1.37 

(1.33) 

1.35 

(1.33) 

Case-5:Section VII.E 

Power Sharing with the Proposed Controller in Reduced System:Fig.18 

Power Initial 

value 

Interme-

diate 

value 

Final 

value  

Times of 

PDG1 

Initial 

Times of 

PDG1 

Final 

PDG1 0.078 

MW 

0.188 

MW 

0.041 

MW 

1.0 

(1.0) 

1.0 

(1.0) 

PDG2 0.152 

MW 

0.00  

MW 

0.0  

MW 

1.94 

(2.0) 

0.0 

(0.0) 

PDG3 0.107 

MW 

0.0  

MW 

0.0  

MW 

1.36 

(1.33) 

0.0 

(0.0) 

PDG4 0.108 

MW 

0.239 

MW 

0.055 

MW 

1.37 

(1.33) 
1.342 

(1.33) 

Error in Power Shar-

ing 

Without Supplementary 

Controller 

With Supplementary 

Controller 

Overall Mean Error  6.7 % 3.4% 

In reduced system 14.8% 4.2% 

 

APPENDIX-B 

 

Two show the relative differences between the angle and 

frequency droop controllers, we have chosen a simple system 

as shown in Fig. 4. The frequency droop controller is given by 

[1-4] 

 refref PPm                   (A.1) 

The output impedances of the two sources are chosen in a ratio 

of 1:1.33 and the powers are also chosen in the ratio of 1.33:1. 

No reactive power droop has been used and the voltage mag-

nitudes are held constant. Both frequency and angle droop 

controller gains are chosen at 50% of the marginal stability 

point. The VSCs and DGs ratings for both cases are assumed 

to be identical and the converter parameters are same as 

shown in Table-I. 

The load in Fig. 1 is assumed to be resistive. To represent 

random changes of customer load, the conductance is chosen 

as the integral of a Gaussian white noise source. The output 

inductances of the converters are 30 mH and 22.6 mH. The 

impedance of line 1 is 0.25 + j1.3 while impedance of line 2 is 

0.1 + j0.8. The steady state variation in the frequency for the 

two droop controllers are shown in Figs. 19 and 20. It can be 

seen that the frequency variation with the frequency droop 

controller is significantly higher than that with the angle droop 

controller. The standard deviation with the frequency droop 

controller is 0.151 rad/s, while the standard deviation with the 

angle droop controller is 0.0023 rad/s. It can also be seen that 

the mean frequency deviation is much larger in case of fre-

quency droop than in angle droop. This demonstrates that the 

angle droop controller generates a substantially smaller fre-

quency variation than the conventional frequency droop con-

troller.  

 

Fig. 19. Frequency variation with frequency droop control. 

 

Fig. 20. Frequency variation with angle droop control. 

 

The output power of DG-1 is shown in Fig. 21 for both fre-

quency and angle droop controllers. Since the output powers 

in this figure are essentially the same and the DGs are operat-

ed at same constant voltage in both cases, the required current 

ratings of the VSCs are also same. As the load is not modeled 

as frequency dependant, the total power being supplied under 

both control schemes is also matched, as evident from Fig. 21. 

The improved performance of angle droop comes from a more 

responsive control. The switching frequency in both the cases 

is the same. Thus the converter requirements are the same in 

both the control schemes. 



 
Fig. 21. Output power of DG-1for both droop control methods 
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