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Abstract— Conventional droop methods for load sharing 

control in Low Voltage Direct Current (LVDC) microgrids suffer 

from poor power sharing and voltage regulation, especially in the 

case when operating many dc sources with long feeders. Hence, 

the communication based approaches are employed to improve 

the load sharing accuracy and voltage regulation. To avoid using 

such an infrastructure and the corresponding effects on the 

reliability and stability, an adaptive droop controller based on a 

superimposed frequency is proposed in this paper. Load sharing 

accuracy is improved by adapting the droop gains utilizing an 

introduced ac-power. The secondary controller locally estimates 

and compensates the voltage drop due to the droop controller. 

The proposed power sharing approach can properly control the 

load sharing and voltage regulation without utilizing any extra 

communication system. The effectiveness of the proposed control 

system is verified by simulations and experimental tests.   

Index Terms— DC Microgrid, Droop Method, Frequency 

Injection, Adaptive Droop Control, Power Sharing. 

I.  INTRODUCTION 

HE concept of microgrid technology has been introduced 

in the last decade in order to improve the power system 

stability, reliability, and efficiency as well as to decrease 

the losses and operational costs. Although most studies have 

focused on ac microgrid, dc microgrid is becoming more 

popular due to its major advantages over the ac power system 

[1]–[3]. Most of the energy units including renewable energies 

and storages are commonly dc or have a dc coupling in their 

conversion stage. Also, electronic and power electronic loads 

can be operated by dc power. Meanwhile, eliminating the 

power conversion stages in full converter-based sources and 

variable speed drives will further reduces the expenses. 

Moreover, non-linear and reactive loads do not exist in dc 

systems, which in ac systems introduce power loss, lifetime 

reduction and etc. over the transformers, capacitors, and other 

equipment. Therefore, integrating dc sources, storages, and 

loads into a dc microgrid will enhance the overall performance 

of the system compared to the ac microgrid. 

To control and operate dc based power grids, a suitable 

power management system is required. A hierarchical load 

sharing control system has been presented in three levels 
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including primary, secondary, and tertiary controllers [4]–[11]. 

Tertiary controller is in charge of optimal power flow control 

in microgrids, which in most cases should be implemented by 

a low bandwidth communication network. Secondary 

controller also requires a communication network to regulate 

the voltage of the system within an acceptable region. Primary 

controller locally carries out resilient load sharing among 

different sources, generally by utilizing a virtual resistor as a 

droop controller. 

A simple droop method is employed to properly control the 

load sharing among dc converters. In this approach, the line 

resistances are usually neglected, and the dc bus voltage is the 

same for all the converters [9], [12]–[14]. Therefore, with a 

small virtual resistor, an appropriate load sharing can be 

achieved. However, considering the line resistance effect, 

large virtual resistors should be utilized to carry out the 

appropriate load sharing. Large virtual resistors cause large 

voltage drop within the grid, which in most cases are 

compensated by employing a secondary control layer 

reinforced by a communication network. Point to point 

communication [8], [15] as well as sparse communication 

among converters [4], [6] are employed to reach the power 

management objectives including proportional load sharing 

and acceptable voltage regulation. However, the 

communication network may affect the stability and reliability 

of the system [4], especially in the case of operating many 

sources along long feeders.  

Although less common, independence of communication is 

possible, as demonstrated in [16], where a load-sharing 

approach based on frequency encoding of output current of 

converters has been introduced. Another technique, named as 

power talk, has also been mentioned in [17], where sources in 

the dc microgrid “talk” to each other by modulating their 

respective power levels without using external communication 

links. The approach is however prone to line, load, and other 

grid parameter changes, which in practice, are unpredictable. 

Another frequency based control approach is presented in [18] 

for energy management purpose in dc microgrids without 

utilizing a communication network. However, the 

expandability of the system is limited due to the additional 

currents required by the converters to sustain a certain ac 

signal. Moreover, this approach is only suitable for energy 

management level which requires slow dynamic response, and 

hence it cannot be employed in primary control level. A 

frequency-based power sharing technique proposed in [19] 

and [20], and later reapplied to dc microgrids in [21], may 
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therefore be more appealing, since it is based on the same 

conventional droop principle, while yet ensuring very low 

affection towards variations.  

In order to overcome the communication issues as well as 

to obtain the power sharing objectives, a frequency droop 

approach is introduced in [22]. Furthermore, this approach is 

generally analyzed and experimentally validated in [23]. 

Analogies of the frequency droop control between ac and dc 

microgrids are also studied in [23]. However, the stability of 

the frequency droop control in terms of load variation is 

questionable. In order to improve the overall system stability, 

in this paper a new adaptive droop approach based on a 

frequency injection method merged with a virtual resistor is 

proposed. In the proposed approach, both primary and 

secondary controllers locally carry out the load sharing and the 

voltage regulation without utilizing communication network, 

which leads to reliable and stable operation. The remaining 

part of this paper is organized as follows. After a short 

explanation of the conventional load sharing approach in 

Section II, the proposed adaptive droop controller as well as 

the small signal stability analysis is presented in Section III. 

The obtained simulation results and experimental validations 

are reported in Section IV and V respectively. Finally, the 

outcomes of the paper are summarized in Section VI. 

II.  CONVENTIONAL LOAD SHARING APPROACH 

In a dc microgrid, the load sharing among different 

converters depends on the line resistances. As it is shown in 

Fig. 1, considering the same voltage for both converters (Vo1 = 

Vo2), the output current is inversely proportional to the line 

resistances (i.e., Io2/Io1 = R1/R2), where Io1 and Io2 are the 

output current of converters and R1 and R2 are the 

corresponding line resistances. This load sharing based on the 

line resistances may cause overstress of the converters.  

Therefore, a load sharing approach needs to be applied to 

adjust the output voltage of the converters, and hence, to 

control the output current of them. The most common used 

load sharing method is a droop controller [9], [12]–[14], which 

is explained in the following. 

A.  Conventional Droop Control Approach 

Droop controller is a reliable and resilient approach for 

load sharing control in dc microgrids, and as a primary load 

sharing method, it locally determines the reference current of 

each converters by employing the output current and/or 

voltage. As shown in Fig. 2, the primary droop controller of 

the kth converter adapts the set point of the inner voltage 

regulator utilizing a virtual resistor Rdk  multiplied by the 

output current (Iok). Considering the simplified microgrid 

shown in Fig. 1, the output current and voltage of converters 

employing the droop controller can be found by solving (1) 

and (2) as: 

 
o1 PCC 1 o1

o2 PCC 2 o2

V V R I

V V R I

 


 
 , (1) 

 

*

o1 d 1 o1

*

o2 d 2 o2

V V R I

V V R I

  


 
 , (2) 

where V* is the nominal voltage of the microgrid. This can be 

graphically determined as shown in Fig. 3 (a) for small and 

large droop gains Rds > Rdl. As it can be seen from Fig. 3 (a), 

the mismatch between the output currents in the case of  larger 

droop gain Rd2 is smaller than that of the smaller droop gain 

Rd1 (i.e., ΔI1 < ΔI2). However, increasing the droop gain 

causes a larger voltage drop. As it can be seen from Fig. 3 (a), 

the voltage drop of the larger droop gain is higher than the 

voltage drop of the smaller one (i.e., ΔV1 < ΔV2).  

Therefore, improving the current sharing accuracy 

deteriorates the voltage regulation [4], [8]. In order to achieve 

the accurate load sharing, large droop gains can be used, and 

hence to restore the voltage drop due to the large droop gains, 

a secondary control layer is employed as shown in Fig. 2, 

which is explained in the next subsection. 

B.  Secondary Control  

A secondary controller restores the voltage drop of the 

primary controller as shown in Fig. 2. It can be implemented 

in either a central approach or a distributed methods. In the 

centralized approach the voltage at the coupling point of the 

load or local grid is measured and regulated by a controller 

[4], [8]. The output of the central controller, as a restoration 

term δv,k, is sent to all of the units to shift up their droop 

characteristics as shown in Fig. 3 (b). To implement the 

central voltage regulator, a communication network is 

required between the central controller and converters, which 

affects the reliability and stability. To improve the overall 

reliability and stability, some decentralized approaches are 

represented [6], [24]. In these approaches, sparse 

communication among the neighboring converters is 

employed, and a dynamic consensus protocol based control 

algorithm guarantees the voltage regulation in the microgrid.  
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Fig. 1.  Simplified dc microgrid with two DGs and a localized load.  

Primary 

Controller
Rdk

V*

V*

PI

Secondary ControllerδV,k

VPCC 

= VMG

Cdc

Vok

Xk Rk

Line k

Converter k
Iok

Vin,k

Inner 

Controllers

PWM

Iok

Vok

 
Fig. 2.  Schematic and control block diagram of a primary and secondary 

controller for the kth converter in a dc microgrid – (VMG: Microgrid Voltage 

also called VPCC). 
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Fig. 3.  Conventional droop characteristics for dc sources in a dc microgrid: 

(a) effect of different droop gains, (b) effect of secondary controller. 

However, load sharing cannot be accurately performed by 

increasing the droop gains, and stability issues may occur 

using higher droop gains. Therefore, some average current 

regulators and circular chain controllers are presented in [25]–

[29] to increase the sharing accuracy. In fact, these methods 

regulate the per unit output current of the converters by 

adapting the slope of the droop characteristics as shown in Fig. 

3 (b), where δr,k is the output of the average current regulator. 

This correction term adjusts the droop slope such that the 

appropriate load sharing is achieved. 

Both voltage and current regulators in secondary layer 

require communication of the current and voltage information 

among the converters. To avoid such an infrastructure and its 

accompanied complications as well as to improve the 

reliability and stability of the system, in the next section, a 

proposed load sharing approach without a communication 

network is presented.  

III.  PROPOSED LOAD SHARING APPROACH 

The proposed control system based on a superimposed 

frequency shown in Fig. 4, including conventional droop 

controller, an ac signal generator, adaptive droop controller, 

and a secondary controller. Conventional droop control is 

discussed in the last section. Ac signal generator superimposes 

a small ac voltage onto the dc voltage to be modulated by the 

switching converter. The adaptive droop control carry out the 

accurate load sharing between the converters by adjusting the 

conventional droop gains, and the secondary controller 

compensates the voltage drop due to the conventional droop 

gain. The proposed control system is explained in the 

following. 

A.  AC Signal Generator 

To ensure appropriate load sharing between converters, a 

small ac voltage is superimposed onto the output dc voltage by 

each converter. The frequency of the injected ac voltage is 

proportional to the output dc current of the converter, which 

can be defined as: 
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Fig. 4.  Block diagram of the proposed control system, (a) adaptive controller, 

and (b) conventional droop controller. 

 *

fk k okf df i   , (3) 

where f* and fk are the rated and injected frequency, iok is the 

output current and dfk is the frequency droop gain, and k 

denotes the kth converter. The injected frequency should be 

smaller than the bandwidth of the inner voltage controller to 

be properly generated by the converter. 

The injected ac voltage causes ac current flow in the 

microgrid which is proportional to the phase angle (θk) of the 

ac voltages as well as the line impedances. According to Fig. 4 

(a), the phase angle of the ac voltage of the kth converter can 

be found as: 

 
0

( ) 2

t

k kt f d


  


  . (4) 

Considering the same ac voltage magnitude denoted as A, 

and the load impedance is higher than the line impedances, the 

ac current flowing between the converters o1i  and o2i  can be 

calculated as: 

 1 2
1 2

1 2 1 2(X X )
o o

A A
i i

R R j

   
  

  
  (5) 

If the injected frequency is low enough, the line reactance can 

be neglected [30]. Therefore, the ac current can be found as: 

 1 2
1 2

1 2

o o

A A
i i

R R

   
  


  (6) 

According to (6), the ac currents contain the information of 

voltage phases as well as line resistances. On the other hand, 

phase angles are proportional to the output currents of the 

converters based on (3). Therefore, the ac currents can be used 

to make a communication between the converters, without 

extra communication equipment. As a result, considering the 

same frequencies for the converters at steady state, the ratio of 

the output current of the converters (ξ) based on (3) can be 

calculated as: 

 21

2 1

fo

o f

di

i d
  .  (7) 

Therefore, the output currents of the converters can be 

shared inversely proportional to the desired droop gains. This 

concept has been used in droop controlled ac microgrids, 

where the active power of inverters can be controlled by 

employing a common frequency of the microgrid [15], [28], 

[31]–[34]. Here, in the dc microgrid, to reach the same 

frequency for the converters, it is required to control an ac 

power. On the other hand, in LV systems, the reactive power 



 

can be controlled by the frequency [30], [35], [36]. Hence, the 

reactive power shared between the converters, can be used to 

reach the same frequency in the grid, which introduces a 

proper current sharing based on (7). The injected reactive 

power is used to adapt the conventional droop gains in order to 

achieve the proportional load sharing. The adaptive control 

approach is explained in the following.  

B.  Adaptive Droop Controller 

The ac reactive power is proportional to the ac currents and 

hence the phase angles. Furthermore, the phase angles are 

related to the dc currents, which can also be controlled by the 

dc voltages. Therefore, adjusting the dc voltages based on the 

reactive power can control the output dc current.  

Considering the load impedance higher than the line 

impedances, the ac reactive power (Q1, Q2) is only flowed 

between converters and can be calculated as: 

 
2

1 2 1 2

1 2

A
Q Q Sin( )

2( R R )
    


 , (8) 

where Qk, θk, and Rk are the reactive power, voltage angle and 

line resistance of the kth converter. Therefore, according to 

Fig. 4, the dc voltage reference can be modified as: 

 
* *

,

, ( )

ok dk ok r k

r k qk k

v V R i

d G s Q




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
 , (9) 

where dqk is the voltage coupling gain, and G(s) is a first order 

low pass filter to attenuate the high frequency components of 

the calculated reactive power. Also, Rdk denotes the 

conventional droop gain (virtual resistor) and it can be defined 

as: 

 
dk

n,k

V
R

I


  , (10) 

where ΔV is the maximum allowable dc voltage deviation, and 

In,k is the nominal current of the kth converter. Therefore, the 

relationship between the output current of converters (I1, I2) at 

the steady state can be found as: 

 n,1 d 21

2 n,2 d 1

I RI

I I R
   . (11) 

The equation (9) can be rearranged as: 

 * *
( )pk k

ok dk ok ok

ok

d G s Q
v V R i i

i
   ,  (12) 

 * *
dkok okv V R i  , (13) 

where dkR is the resultant droop gain of kth converter, and it can 

be adapted based on corresponding loading conditions and can 

be defined as: 

 
( )pk k

dk dk

ok

d G s Q
R R

i
   . (14) 

Therefore, the conventional droop gain can be adapted in 

order to reach an acceptable load sharing between the 

converters as it is graphically shown in Fig. 3 (b).  

The conventional droop gain introduced in [9], [12]–[14] 

includes the first term of (14). Hence the load sharing 

accuracy is not precise. Therefore, communication based 

approaches are presented in order to improve the sharing 

accuracy [4], [8]. Moreover, in [22], [23], a frequency based 

droop approach is introduced which only includes the second 

term of (14). According to [22], [23], the sensitivity of the 

droop gain to load variation is very high, thus, affecting the 

stability of the system. However, in the proposed approach the 

droop controller is comprised of two terms of an adaptive part 

and a fixed part as given in (14), enhancing the system 

stability. Employing the fixed term causes the voltage drop in 

the microgrid which can be compensated by a secondary 

control. In the following, the proposed decentralized 

secondary approach is presented. 

C.  Decentralized Secondary Control 

Defining the variable term of droop gain in (14) as: 

 
( )

:
pk k

dk

ok

d G s Q
r

i
 , (15) 

the steady state electrical model of the system can be 

represented as shown in Fig. 5. The system model contains 

conventional droop gain (virtual resistor), adaptive droop gain, 

and line resistor. From the electric circuit theory, the internal 

voltage of each converter denoted by Ek in Fig. 5, can be 

found as: 

 
*

1 1 1

*

2 2 2

d

d

E V R I

E V R I

  


 

  (16) 

Based on (11), the voltage drops on the virtual resistors 

(Rd1,Rd2) at the steady state are equal, and hence, according to 

(16), the internal voltage of both converters are the same. 

Therefore, it can be estimated and regulated by the secondary 

regulator to compensate the voltage drop due to the droop 

gains. By measuring the output voltage (vok) and calculating 

the adaptive correction term (δr,k), the internal voltage (Ek) can 

be found as:  

 
k ok r ,kE v    . (17) 

Therefore, the secondary correction term (δv,k) can be 

generated by a PI controller (Gsec(s)) to regulate the internal 

voltage at the reference value as: 

 *

v,k k sec(V E )G (s)    . (18) 

According to Fig. 4, the reference voltage of the kth 

converter can be calculated as: 

 * *

ok v,k r ,k dk okv V R i      . (19) 

Considering the fast dynamics for the internal voltage and 

current loops in comparison to the secondary layer, the output 

voltage of the converter can properly track the reference value, 

and hence, 

 * *

ok ok dk ok q k

sec

1
v v V R i d G(s)Q

1 G (s)
   


 . (20) 
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Fig. 5.  Simplified dc MG with two DGs and a localized load. 



 

As it can be seen in (20), the conventional droop resistor 

effect will be canceled at the steady state by the secondary PI 

regulator (Gsec(s)), since the term 1/(1+Gsec(s)) in (20), is very 

small at low frequencies. Therefore, the voltage drop on the 

droop resistor can be compensated by the decentralized 

secondary regulator employing the local voltage and current 

information.  

In the presence of converter based loads, the input 

capacitor of the converter consumes a reactive power, which is 

very small due to the low ac voltage and frequency. This 

reactive power needs to be supplied by one or more sources, 

and hence the rdk in (15) is not equal for the source converters. 

Since the reactive power consumption by the load capacitors is 

small, it cannot affect the voltage regulation unlike the 

conventional droop approaches. However, in the case of very 

large dc capacitors of loads, the performance of the control 

system may be limited. In this case, the control system may be 

redesigned to reduce the effect of capacitors’ reactive power 

consumption on the voltage regulation by reducing the 

injected frequency, and/or reducing the voltage–power 

coupling gain and increasing the virtual resistor to have an 

appropriate dynamic response as well as small voltage 

regulation error. Furthermore, the effect of injected ac voltage 

on the converter based constant power loads behavior are 

explained in the Appendix. 

D.  Dynamic Stability 

In order to ensure the stability of the control system as well 

as to design the control system parameters, a small signal 

model of the system is established. Considering Δ(x) as a 

small variation of variable x, the linear form of (20) can be 

obtained as: 

 
ok dk ok q k

sec

1
v R i d G( s ) Q

1 G (s)
    


 . (21) 
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Fig. 6.  Closed loop dominant place of system poles (λi denotes ith pole): (a) 

effect of frequency droop gain; dq = 25, Rd = 5, Pload = 2 kW, (b) effect of 

voltage-power coupling gain; df = 0.3, Rd = 5, Pload = 2kW, (c) effect of 

conventional droop gain; dq = 25, Pload = 2 kW, and (d) effect of load variation; 

df = 0.3, Rd = 5 dp = 25. – (blue: ξ = 1, and red ξ = 2). – Desired pole places for 

λ1 and λ2 are depicted by X, for Rd = 5, df = 0.3, Pload = 2 kW, dq = 25, and ξ = 

1, 2. 

According to (8), the small variation of the ac reactive power 

can be calculated as: 

 

1 2 1 2

2

1 2

Q Q k ( )

A
k .

2(R R )





       




  (22) 

Considering the relative angle of the injected voltage (θ = θ1 - 

θ2) as a state variable, the linear form of (3) and (4) can be 

defined as: 

 1 2 f 2 o2 f 1 o1

2
( ) (d i d i )

s


          . (23) 

Furthermore, based on the equivalent electric circuit of the 

system shown in Fig. 5, the small signal model of the output 

voltage can be calculated as:  

 
o1 1 l o1 2 o2

o2 1 o1 2 l o2

v (R R ) i R i

v R i (R R ) i

  

  

  


  
 , (24) 

where Rl is the load resistance. Combining (21) to (24), the 

characteristic equation Φ(s) of the system can be calculated as: 
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 (25) 

where, 

 

d 1

1 1 l

sec

d 2

2 2 l

sec

R
R R ,

G ( s )

R
R R .

G ( s )





  
    
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 (26) 

The dominant closed loop pole places of the system shown 

in Fig. 1, can be obtained by (25), and they are illustrated in 

Fig. 6. The effects of the frequency droop gain (df), voltage 

coupling gain (dq), and conventional droop gain (Rd) on the 

closed loop pole places are shown in Fig. 6 (a), (b) and (c) 

respectively. The blue graph shows the poles of the system 

with equal converter ratings (ξ = 1) and the red one is related 

to the unequal converter ratings (ξ = 2). The designed control 

parameters are given in Table I, and shown by “X” in Fig. 6. 

The effect of load variation on the closed loop poles with the 

designed control parameters, is shown in Fig. 6 (d), where the 

load is varying from 0.1 kW to 10 kW. As it can be seen, the 

system still remains stable at a wide range of load variation, 

and dominant poles are not extremely affected by the load 

variation.  

IV.  SIMULATION RESULTS 

In order to demonstrate the performance of the proposed 

control system, a simplified dc microgrid with two converters, 

like the one shown in Fig. 1 is considered. Without losing the 

generality, conventional boost topologies are considered. The 

control parameters and converter specifications are given in 

Table I. Meanwhile, since the bandwidth of the voltage 

controller is 900 Hz, the injected frequency is considered as 50 

Hz to be properly generated by the converters. 



 

The effectiveness of the power sharing approach is verified 

with three case studies. In Case I, equal converter ratings are 

considered, and in Case II, the rating of the second converter 

is considered to be two times the first one. In Case III, the 

performance of the control system is demonstrated in presence 

of a dc motor supplied through a dc/dc converter.   

The simulation results of Case I and Case II are depicted in 

Fig. 7 and Fig. 8. In both cases, a 1.3 kW and a 1 kW load are 

connected at t = 0.5 Sec and t = 2 Sec respectively. As it can 

be seen from Fig. 7 (a), the load is equally shared between two 

converters and the output current has the same value. 

Furthermore, due to the ac signal injection, a small ac ripple is 

superimposed onto the dc currents. The instantaneous current 

waveform are also illustrated in Fig. 7 (a) at t = 1.3 Sec, where 

the 180o phase difference between the ac currents indicates the 

ac power flows between the two converters. The voltage 

waveforms of the converters shown in Fig. 7 (b), illustrate an 

acceptable voltage regulation within the microgrid. The dc 

voltage of the converters is settled close to 400 V. 

Furthermore, the instantaneous voltage waveforms are shown 

at t = 1.3 Sec, with a 2.5 V sinusoidal ripple. The frequency of 

the superimposed ac voltage is shown in Fig. 7 (c), where the 

frequency is decreased by increasing the load.  

Load sharing results between the two converters with 

different power ratings are also shown in Fig. 8. As shown in 

Fig. 8 (a), the output current of the first converter is two times 

that of the second one, since the capacity of the first converter 

is two times more than the second one. The output voltage of 

the converters is also regulated near to the reference value as 

shown in Fig. 8 (b). The variation of the injected frequency is 

also shown in Fig. 8 (c).  

TABLE I   

Specifications of the DC microgrid and control system – ω* = 2πf*. 

Definition Symbol 
Case 

I 

Case 

II 

Case 

III 

Injected frequency f* (Hz) 50 50 50 

Frequency-current droop 

df1, 

df2  

df3 (Hz/A) 

0.3, 

0.3 

0.3, 

0.6 

0.3, 

0.3, 

0.6 

Superimposed ac voltage A (V) 2.5 2.5 2.5 

Voltage-power coupling dq (V/VAR) 25 25 25 

DC link voltage Vdc (V) 400 400 400 

Inner controllers 

Voltage 

controller 
0.45 + 20 /s 

Current 

controller 
0.05 + 2/s 

Secondary regulator 
Voltage 

regulator 
0.88 + 8.6/s 

Loads Pload (kW) 1, 1.3 4 

DC 

Motor 

Mechanical 

speed 
ωm(rad/Sec) 150 

Mechanical 

torque 
Tm (Nm) 27 

Rotor Inertia J (Nms2) 0.0881 

Armature 

impedance 

Ra (Ω), 
La(H) 

0.57, 0.0046 

Field 

impedance 

Rf (Ω), Lf 
(H) 

190, 0.2 

Electrical 

Power 
P (kW) 4 

Impedance of line 1 r1+jω*L1 (Ω) 2+j0.0565 

Impedance of line 2 r2+jω*L2 (Ω) 1.5+j0.0565 

Converter Parameters 
Ldc (mH) 2 

Cdc (μF) 500 
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Fig. 7.  Simulation results of Case I (see Table I) with the equal converter 

ratings, output current of (a) first and (b) second converters, output voltage of 

(c) first and (d) second converters, and (e) injected frequency. 
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Fig. 8.  Simulation results of Case II (see Table I) with unequal converter 

ratings, output current of (a) first and (b) second converters, output voltage of 

(c) first and (d) second converters, and (e) injected frequency. 
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Fig. 9.  Block diagram of the simplified dc motor-based constant power load – 

CM = 200 μF, LM = 2 mH.  
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Fig. 10.  Simulation results for Case III (see Table I), A 4 kW dc motor-based 

constant power load is connected at t = 0.6 Sec, V* = 400 V.  

In Case III, a dc motor is connected to the microgrid 

through a dc/dc converter shown in Fig. 9. The load and 

system parameters are given in Table I. At first, the converters 

are supporting a 2.7 kW load. At t = 0.6 Sec, the dc motor as a 

constant power load– with 27 Nm and 150 rad/Sec mechanical 

load – is connected to the microgrid. The output currents of 

converters are shown in Fig. 10(a) implying a proper load 

sharing in the presence of a converter-based constant power 

load. Furthermore, as shown in Fig. 10(b), the output voltage 

of converters is regulated close to the reference value after 

connecting the motor. The injected frequencies variations are 

also shown in Fig. 10(c).  

The simulation results indicate an accurate load sharing 

between converters as well as an acceptable voltage regulation 

within the microgrid. Both primary and secondary controllers 

are employing the local grid information to reach the power 

sharing objectives. Further validations by experimental tests 

are given in the next section.  

V.  EXPERIMENTAL RESULTS 

In order to further validate the proposed method, some 

experimental tests are performed taking into consideration the 

load variations as well as equal and unequal converter ratings 

and different line impedances. The experimental setup shown 

in Fig. 11 contains two conventional boost converters with the 

parameters given in Table I. Each converter is controlled by its 

own Digital Signal Processor (DSP). The experimental results 

are reported in the following. 

At first, the same ratings for both converters are 

considered, and the performance of the proposed adaptive 

droop is compared with the conventional droop method. The 

output current and voltage of the converters employing the 

conventional droop method are shown in Fig. 12. As it can be 

seen from Fig. 12, the output voltage of the converters is not 

regulated to the reference value and the load current is not 

equally shared between the two converters. Furthermore, by 

increasing the load, the output voltage drops and current 

mismatches are increased. However, utilizing the proposed 

control system gives an accurate current sharing between the 

converters as shown in Fig. 13. Moreover, after increasing the 

load from 1.2 kW to 1.7 kW, the dc voltages can be properly 

regulated close to the reference value, and hence the 

performance of the decentralized secondary controller can be 

further validated. Moreover, the ac ripple of the voltage and 

currents are 2.5 V and 0.1 A respectively. 

The experimental results of power sharing for the unequal 

converter ratings are illustrated in Fig. 14 and Fig. 15 for In,1 = 

0.5 × In,2 and Fig. 16 for In,1 = 2 × In,2. As it can be seen, the 

load is accurately shared between the converters and the dc 

voltage is properly regulated close to the reference value. As 

shown in Fig. 14, the output current of the second converter is 

two times that of the first one (R1 = 1.5 Ω, R2 = 2 Ω). After a 

load variation at t = 0.5 Sec, the load sharing is still accurately 

carried out and the voltage is regulated at the nominal value. 

To further evaluate the proposed controller, the line 

resistances are changed (i.e., R1 = 2 Ω, R2 = 1.5 Ω), and the 

results are shown in Fig. 15, implying an accurate load sharing 

and a proper voltage regulation.  

Moreover, in the results shown in Fig. 16, the rating of the 

converters is changed and the performance of the proposed 

controllers are demonstrated in terms of sudden load 

reduction. As it can be seen, the output current of the first 

converter is two times that of the second one. In addition, the 

voltage can be restored after a load variation, and hence, the 

decentralized secondary controller can properly carry out the 

voltage regulation. 

In the next test, the proposed adaptive frequency droop 

approach are compared with the frequency droop approach 

introduced in [22]. Power sharing between the two converters 

employing the frequency droop controller is shown in Fig. 

17(a). As it can be seen in Fig. 17(a), the output currents of 

converters do not converge and the system is unstable. 

However, applying the adaptive frequency droop approach 

merged by the virtual resistor can properly control the power 

sharing between the two converters as shown in Fig. 17(b).  

Finally, the synchronization procedure is shown in Fig. 18, 

where the second converter is initially turned on, and at t = 0.1 

Sec, the first converter is connected. At t = 0.12 Sec, the PLL 

of the first converter extracts the phase of ac voltage and the 

second converter, injects the ac voltage. Therefore, both 

converters are properly synchronized and the currents are 

shared between the converters. 

Line - R1

Line - R2Load
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DSP 2
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Fig. 11.  Photograph of the implemented hardware setup based on two boost 

converters Pload = 1.2 + 0.5 kW. 
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Fig. 12.  Experimental results of conventional droop approach with equal 

converter ratings, In,1 = In,2, Rd1 = Rd2 = 10 Ω, R1 = 2 Ω, R2 = 1.5 Ω, and V* = 

400 V. 
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Fig. 13.  Experimental results of adaptive droop approach with equal 

converter ratings, In,1 = In,2, df1 = df2 = 0.3, dq = 25, Rd1 = Rd2 = 5 Ω, R1 = 2 Ω, 

R2 = 1.5 Ω, and V* = 400 V. 
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Fig. 14.  Experimental results of adaptive droop approach with unequal 

converter ratings, In,1 = 0.5 × In,2, df1 = 2 × df2 = 0.6, dq = 25, Rd1 = 2 × Rd2 = 10 

Ω, R1 = 2 Ω, R2 = 1.5 Ω, and V* = 400 V. 
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Fig. 15.  Experimental results of adaptive droop approach with unequal 

converter ratings, In,1 = 0.5 × In,2, df1 = 2 × df2 = 0.6, dq = 25, Rd1 = 2 × Rd2 = 10 

Ω, R1 = 1.5 Ω, R2 = 2 Ω, and V* = 400 V. 
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Fig. 16.  Experimental results of adaptive droop approach with unequal 

converter ratings, In,1 = 2 × In,2, df1 = 0.5 × df2 = 0.3, dq = 25, Rd1 = 0.5 × Rd2 = 

5 Ω, R1 = 1.5 Ω, R2 = 2 Ω, and V* = 400 V. 
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Fig. 17.  Experimental results of (a) frequency droop control in [22], (b) 

adaptive droop approach, In,1 = In,2, df1 = df2 = 0.3, dq = 25, Rd1 = Rd2 = 5 Ω, R1 

= 0 Ω, R2 = 1.5 Ω, and V* = 400 V. 
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Fig. 18.  Experimental results of Synchronization of the adaptive droop 

approach with equal converter ratings, In,1 = In,2, df1 = df2 = 0.3, dq = 25, Rd1 = 

Rd2 = 5 Ω, R1 = 1.5 Ω, R2 = 2 Ω, and V* = 400 V. 

VI.  CONCLUSION 

In this paper, an adaptive droop controller is presented for 

the primary and secondary power sharing in LVDC microgrids 

based on a superimposed frequency. Both the primary and 

secondary layers fulfill the power sharing objectives by 

utilizing the local voltage, current and superimposed 

frequency information without employing an extra 

communication network, which implies a higher reliability 

compared to the communication-based power sharing 

approaches. The output current of the converters are 

accurately proportional to the rated current of converters, and 

output voltage of converters are regulated close to the 

reference value.  The small signal model of the suggested 

control system for a simplified dc microgrid is obtained and its 

stability is analyzed in order to design the control parameters. 

The viability of the proposed control approach is ensured for 

equal and unequal DG ratings and different line impedances as 

well as for resistive and constant power loads. The proposed 

approach is verified by simulations and experimental tests. 

APPENDIX 

EFFECT OF SUPERIMPOSED AC VOLTAGE ON DC LOADS 

In this section, the effect of the superimposed ac voltage on 

dc loads are studied by employing the dynamic model of 



 

loads. Modeling different types of loads is out of scope of this 

paper, hence the most common loads of a dc grid, i.e., 

constant power loads (converter-based) are considered in this 

section. The dynamic model of a dc/dc converter can be 

shown as Fig. 19 with double voltage and current regulators, 

where Gv(s) and Gi(s) are the voltage and current controllers, 

Gvg(s), Gvd(s), Gid(s) and Gig(s) are the input to output, control 

to output, input to inductor current and control to inductor 

current transfer functions [37]. The transfer functions 

modeling the converter dynamic behavior are presented in 

[37].  

In order to show the effect of the ac ripple superimposed to 

the input voltage, the closed loop transfer function from the 

input to output voltage (or inductor current) should be 

analyzed. From Fig. 19, the closed loop input voltage (Vin) to 

output voltage (Vout) transfer function (H(s)) can be calculated 

as: 

 

ig i

vg

i id vd

v i vd i id

G G
+G

(1+G G )G
( )

1

=G G G /(1+G G )
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

. (27) 
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Fig. 19.  Dynamic model and control block diagram of a dc/dc converter with 

voltage and current regulators. 
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Fig. 20.  Input to output transfer function (Vout/Vin) of a dc/dc buck converter – 

Ldc = 2 mH, Cdc = 500 μF, Pout = 2 kW, Vin = 400 V, Vout = 200 V, Gv(s) = 5 + 

20/s and Gi(s) = 0.1 + 1/s. 
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Fig. 21.  Input to output transfer function (Vout/Vin) of a dc/dc boost converter – 

Ldc = 2 mH, Cdc = 500 μF, Pout = 2 kW, Vin = 400 V, Vout = 550 V, Gv(s) = 2 + 

20/s and Gi(s) = 0.05 + 1/s. 

According to [37], the loop transfer function TL(s) causes 

small gains at low frequencies. Therefore, the effect of input 

voltage ripple on the system dynamics will be rejected by the 

closed loop control system. For instance, H(s) is shown in 

frequency domain for a conventional buck and boost 

converters in Fig. 20 and Fig. 21 respectively. The amplitude 

of H(s) is very small at low frequencies, and for example, at 

50 Hz, it is –35 dB for buck and –24 dB for boost converter. 

Therefore, at low frequencies, the effect of input voltage ripple 

and disturbances can be rejected by the closed loop control 

system. Moreover, the superimposed ac voltage in this paper is 

very small, i.e., 2.5 V, and it cannot affect the load dynamic 

behavior.  
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