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Abstract— The increasing penetration of dc distributed energy 

resources (DERs) and dc loads has motivated the utilization of dc 

microgrids (MGs). In this paper, a new two-level control scheme is 

proposed for accurate power sharing and appropriate voltage 

regulation in dc MGs during islanded operation mode. In the 

primary control level, a P-V̇  droop method is proposed to

eliminate the dependency of power sharing among DERs on line 

resistances. Since the P-V̇ droop deviates the voltage derivative to

a nonzero value, a voltage derivative restoration mechanism is 

adopted in the secondary control level to provide voltage stability. 

The secondary control level also compensates the voltage 

deviations by cascading an outer voltage control loop with the 

inner voltage derivative restoration loop. The secondary control 

signal is broadcasted to each DER via a unidirectional low-

bandwidth communication link. Small signal stability of the 

proposed scheme is analyzed by studying the locus of the system 

eigenvalues. To verify the efficacy of the proposed method and 

compare it with the conventional scheme, real-time simulations in 

OPAL-RT lab setup are provided.  

keywords— Distributed energy resources, DC microgrids, 

power management, voltage regulation.  

I. INTRODUCTION

A microgrid (MG) is a collection of the distributed energy 

resources (DERs) and loads interconnected in a distribution 

system which can operate in grid-connected as well as in 

islanded mode of operation [1], [2]. The legacy power systems, 

which are based on ac voltages and currents have motivated the 

development of ac MG. Recently, dc MG have gained 

popularity due to their compatibility with the dc nature of 

resources such as PV, battery, and fuel cells as well as electronic 

loads. Utilization of a dc microgrid enables direct transfer of dc 

power from the resources to electronic loads. This way, the 

dc/ac conversion in the generation side and the ac/dc conversion 

at the load side can be avoided, which in turn leads to improving 

the efficiency and reducing the cost [3], [4]. 

This paper is focused on the islanded operation mode of dc MG. 

During the islanded operation mode, a coordinated control of 

DERs is necessary to enable proportional sharing of the 

electrical loads among them. To achieve this objective, power-

voltage (P-V) droop method is commonly used in dc MGs [5]-

[7]. Since P-V droop control method is decentralized, it does not 

have any communication requirement. However, this method 

causes voltage deviations which aggravate in high loading 

conditions. These deviations are superimposed on the voltage 

drop of the lines, hence resulting in a poor voltage profile. 

Moreover, the accuracy of power sharing is dependent on the 

line resistances [8], [9]. In order to compensate the voltage 

deviations, in [10] a secondary control level is proposed. In this 

method, based on the voltage at the point of common coupling 

(PCC), the central secondary controller calculates a vertical 

shift of droop characteristics which is broadcasted to the DERs 

via a unidirectional low-bandwidth communication link. 

In order to enhance the load sharing accuracy in dc MGs, 

several attempts have been made. In [5], [11], virtual resistances 

are incorporated in the DERs to enhance sharing accuracy. In 

[12], the voltage at the point of common coupling (PCC) is used 

instead of the local DER voltages in P-V droop characteristics 

to resolve dependency of power sharing on the line resistances 

and enhance voltage regulation of dc MGs. However, solutions 

proposed in [5], [11], [12] are only applicable to the case where 

a line is dedicated for direct connection of each DERs to the 

PCC and loads are only connected to PCC which is not 

consistent with a realistic distribution system. In [13], [14], a 

small ac signal is injected into the output voltage of each dc 

source. The injected ac voltage gives rise to a small ac power in 

the output of the DERs, which is used for coordinating the 

DERs according to an ac droop characteristic. This way, 

accurate power sharing is achieved without requirement of a 

communication link. However, the ac signal injection increases 

the voltage and current ripple. A well-known solution to the 

problem of load sharing error is distributed secondary control 

scheme [15]-[18]. In this approach, for each DER the vertical 

shift of the droop characteristic is calculated based on the 

information received from the neighbor DERs such that the load 

sharing error is reduced to zero and the voltage is regulated. In 

contrast with the conventional method [10] which only requires 

a single channel-unidirectional communication link to 

broadcasts the secondary control signal to each DER, the 

distributed control scheme employs an individual bidirectional 

communication link for connecting each DER to its neighbors. 

So, unlike the conventional method, the distributed control 

methods necessitates DERs to have data transmission 

capability. 

To achieve proportional sharing of active and reactive power 
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among DERs in ac MGs, active power-frequency (P-f ) and 

reactive power-voltage (Q-V) droop method is commonly used 

[19]. The reactive power sharing accuracy of the Q-V droop 

control method is dependent on the line impedances. In order to 

enhance the reactive power sharing accuracy in ac MGs, 

incorporating virtual impedances in the DERs [20], employing 

the voltage at the PCC in instead of the local DER voltages in 

Q-V droop characteristics [12] are proposed. Distributed [21] 

and centralized [22] secondary control schemes are used for 

accurate reactive power sharing in ac MGs. Similar to dc MGs, 

distributed secondary control scheme of ac MGs employs 

bidirectional communication links between each pair of 

neighbor DERs [21]. In the centralized scheme of [22], each 

DER communicates with the central controller through a 

separate bidirectional communication link. This link is used for 

transfer of measured signals from the DER to the central 

controller and the DER-specific control commands from the 

central controller to the DER. So, the overall communication 

bandwidth of the central controller of [22] (which is equal to the 

summation of the bandwidths of the DERs) is much higher than 

the conventional secondary control scheme [10]. 

In another effort for eliminating the dependency of reactive 

power sharing on line impedances, Q-V̇  droop method is 

proposed in [23]. In this method, the voltage in Q-V droop is 

substituted with its derivative. The Q-V̇ characteristic deviates 

the voltage derivative to a nonzero value. To avoid voltage 

instability, a local control mechanism in each DER restores the 

voltage derivative (V̇) of DER to zero by introducing a vertical 

shift in the Q-V̇  droop characteristics [23]. This strategy is 

devised under the assumption that the reactive power output of 

a DER remains unchanged throughout the V̇  restoration 

process. Such assumption is not valid in general, which means 

an unwanted interaction exists between the V̇  restoration 

scheme and the Q-V̇  droop controller. As a result of this 

interaction, the vertical shift of the Q-V̇ droop characteristic of 

each DER might become different, which in turn gives rise to 

reactive power sharing error [24], [25]. To alleviate this issue, 

a modified approach has been proposed in [25]. In this method, 

by activating local V̇  restoration mechanism after the Q-V̇ 

droop controller reaches its final state, the interaction is 

minimized. However, the efficacy of this method depends on 

the operating point and topology of the ac MG. If the topology 

or operating conditions change, the control parameters (which 

are obtained by trial and error) must be re-tuned. Furthermore, 

the V̇ restoration mechanisms in [23] and [25] use an integrator 

in each DER for obtaining the vertical shift of the Q-V̇ 

characteristics. In computer simulations, all of the DERs are 

started at t=0 and their corresponding integrators initiate at that 

time. This is not the case in practice, where the DERs and their 

corresponding integrators are started at different instants of 

time. Consequently, the vertical shift of DERs will be different 

which results in the reactive power sharing deterioration [3], 

[19]. In [24], the problem of different vertical shifts of Q-V̇  

droop characteristics is resolved by adding a distributed 

secondary control layer to the method presented in [23]. Similar 

to the conventional distributed control scheme [21], each DER 

is connected to its neighbor through a bidirectional 

communication link to exchange DER generated power 

information. Accordingly, each DER alters the vertical shift of 

its Q-V̇ droop characteristic such that its per-unit reactive power 

becomes equal with that of the neighbors. So, the reactive 

power sharing error caused by unsynchronized initialization of 

�̇� restoration integrators, interactions between the �̇� restoration 

and the Q-V̇ droop controllers and changing the operating point 

or topology of the system is eliminated. While methods of [23]-

[25] restore V̇ at zero to avoid voltage instability issue, they do 

not attempt to restore the voltage itself to the rated value. So, 

the voltage deviations can exceed the permissible range advised 

by the standards, e.g. [26].  

In this paper, a new two-level control scheme is proposed for 

accurate power sharing and voltage regulation in dc MGs. 

Inspired by the concept of Q-V̇ droop scheme, a P-V̇ control 

scheme is proposed for the primary control level. The secondary 

control level not only restores V̇ to zero for stable operation but 

also compensates the voltage deviations. To that end, a 

cascaded control scheme comprising an inner V̇ control loop 

and an outer voltage control loop is adopted in central controller 

of the secondary level. The secondary controller’s output is the 

vertical shift of the P-V̇  droop characteristics, which is 

broadcasted to each DER via a unidirectional, low-bandwidth 

communication link (ULBC). The main contributions of this 

paper are listed below:  

• P-V̇ droop characteristic is proposed for the primary control 

level of dc MG to eliminate the dependency of the power 

sharing on the line resistances. 

• A secondary control scheme is proposed to restore the voltage 

derivative to zero. By assigning the task of V̇ restoration to the 

secondary control level, the vertical shifts of P-V̇  droop 

characteristics of the DERs become equal. This way, the 

proposed scheme solves the problem of degraded sharing 

accuracy due to interactions between the local V̇ restoration 

scheme and the Q-V̇ droop [23], as well as the sharing error 

caused by the offset of integrators of local V̇  restoration 

mechanisms which are not initiated in the same time[23], [25].  

• In contrast with Q-V̇  based schemes presented in [23]-[25], 

which only restores the voltage derivative to zero but might 

suffer from unacceptable voltage deviations, the proposed 

scheme restores the PCC voltage to the rated value.  

• The communication requirements of the proposed scheme is 

lighter than the alternative communication-based approaches. 

In contrast with the distributed schemes [15]-[18], [21], [24], 

which employ individual bidirectional communication links 

between each pair of neighbor DERs, the proposed scheme 

only need a single channel-unidirectional communication link 

for broadcasting the secondary control signal to each DER. 

Therefore, the proposed scheme has a simpler communication 

network and does not necessitate DERs to have data 

transmission capability. Furthermore, the required 

communication bandwidth of the proposed secondary 

controller is much less than the centralized scheme of [22], 

which requires individual bidirectional communication links 

between the central controller and each DER. 

• In contrast with the methods of [5], [11], [12], [25], the 

proposed scheme is not restricted to a specific network 

topology.  



3 

 

The rest of the paper is organized as follows. The conventional 

control scheme of dc MG is presented in Section II. Section III 

details the proposed control strategy. Section IV addresses the 

small-signal analysis. Real-time simulations results are 

provided in Section V. Discussions are presented in Section VI. 

The paper is concluded in Section VII.  

II. CONVENTIONAL CONTROL SCHEME OF DC MG 

The conventional P-V droop control method is commonly used 

as the primary control level for DERs in dc MGs. In this control 

method, the output voltage of each DER is adjusted based on a 

power-voltage droop characteristic to enable power sharing 

among DERs [6]. Furthermore, a secondary control level is 

commonly adopted in dc MGs to compensate the voltage 

deviations caused by the P-V droop controller and line voltage 

drops [10]. 

The conventional primary control scheme of dc MGs is 

comprised of a P-V droop controller which adjusts the voltage 

of each DER according to its output power, as follows:  

*

0 .i i iv V m P= −  (1) 

in which vi
*  is the output reference voltage, V0  is no-load 

voltage, Pi is the filtered generated power and 𝑚𝑖 is the slope 

of the droop characteristic.  

Conventionally, the droop slope of each DER is selected 

inversely proportional with its rated power. This selection 

results in sharing of the load among DERs in proportion with 

their powers ratings [6]. Power sharing based on reliability of 

DERs and state of charge (SoC) of energy storage systems are 

considered by other researchers [27]-[29]. In [27], long terms 

studies are conducted to determine the converter damage for 

monthly time spans. Then, the slope of the droop characteristic 

is altered for each time span such that the high damage 

converter has a higher droop slope to produce less power. In 

[28], [29], SoC of each energy storage systems is calculated 

locally. Then the droop coefficients are changed to ensure the 

energy storage system with higher SoC generates more power.  

The mechanism of operation of P-V droop control method can 

be explained by considering the dc MG of Fig. 1. This MG is 

comprised of two DERs with identical power ratings connected 

to the PCC through Lines 1 and 2, where the resistance of Line 

1 (R1) is smaller than that of Line 2 (R2). The MG supplies a 

constant power load (CPL) connected to the PCC. The power 

flow through the lines ( p1 and p2) can be expressed as  

( ) ( )1 1 2 2

1 2

1 2

. .
,

PCC PCCv v v v v v
p p

R R

− −
= =  (2) 

in which v1, v2 and vpcc are the terminal voltage of DER1, DER2 

and PCC,  respectively.  Equation (2) implies   that the power 

flow through each line is proportional to the voltage difference 

of line two ends ( PCCi vv − ) while increasing the DERs 

voltages, results in increase in power flow. Furthermore, the 

load power (PCPL) can be expressed as 

( ) ( )1 2

1 2

. .PCC PCC PCC PCC

CPL

v v v v v v
P

R R

− −
= +  (3) 

 

Fig.1 : Schematic diagram of a sample dc MG 
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Fig. 2 Performance of the P-V droop control scheme. (a) Terminal voltage of 

DERs and PCC. (b) DERs power. (c) DERs filtered power. 

The performance of the P-V droop method is illustrated in Fig. 

2. Initially, the MG load is zero, hence the DERs power are also 

zero and the voltage of each bus is at V0. At t=t1, the load is 

increased. For supplying the increased load, the vpcc drops (see 

(3)). This allows a positive power transfer from each DER to 

the PCC. It is seen that the power of DER1 is greater than DER2 

(p1>p2). This observation is justified based on (2) by 

considering the fact that R1<R2. The increase in DERs output 

powers results in a decrease in DER voltages according to the 

P-V droop characteristics (equation (1)). So, v1 becomes smaller 

than v2, which implies that the P-V droop scheme attempts to 

equalize the powers of DERs 1 and 2. However, final value of 

DERs output powers (systems operating point) is determined 

based on algebraic equations of (1), (2) and (3) which depend 

on the line resistances. So, a mismatch between the line 

resistances results in power sharing error. 

In order to eliminate voltage deviations caused by the line 

resistances   as   well   as   P-V   droop   scheme, a   secondary 

controller can be adopted [10]. The secondary controller 

compares the PCC voltage with the rated voltage (Vrated) to 

calculate the voltage error. The voltage error is then applied to 

a PI controller to obtain the secondary control signal (δv): 

 −+−= dtvVkvVkv PCCratediPCCratedp ).(.).(  (4) 

in which kp and ki are the proportional and integral coefficients, 

respectively. The secondary control signal is broadcasted to 

each DER using a low bandwidth communication link. Each of 

the DERs applies a vertical shift of δv to its P-V droop 

characteristics: 

   vPmVv iii +−= .0
*  (5) 

Line 1

Line 2

DER1

terminal

PCC

 DER1

DER2

terminal

 DER2
CPL
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Equations (4) and (5) imply that if a load increase causes the 

PCC voltage to fall below the rated value, the y-intercept of the 

DERs droop characteristics are increased until the PCC voltage 

increases to the rated value. Conversely, if a decrease in MG 

load gives rise to the PCC voltage, this change will be 

compensated by reducing δv. It is worth mentioning that this 

secondary control strategy does not guarantee accurate power 

sharing but only mitigates the voltage deviations. To achieve 

accurate load sharing, distributed control schemes may be 

adopted, where consensus control strategy is used to equalize 

the percentage loading of DERs [15], [16]. 

III. PROPOSED CONTROL METHOD 

In this section, a two-level control strategy is proposed for 

accurate power sharing and voltage regulation in dc MGs. In the 

primary control level, a P-V̇  droop characteristics is used to 

ensure accurate power sharing among DERs. In contrast with 

the conventional P-V droop scheme, the proposed method is 

capable of achieving accurate power sharing in spite of the 

mismatch between the line resistances. The secondary control 

level is responsible for restoration of the voltage derivative to 

zero and regulation of the PCC voltage at the rated value. 

A.    Primary control level 

The primary control level uses a new droop characteristic, in 

which the derivative of DER output voltage is changed as a 

function of the output power: 

* .i i iv m P= −  (6) 

The output voltage is then calculated by integration, 

* *
0 .i iv V v dt= +   (7) 

Similar with the conventional P-V droop method, the droop 

coefficients (mi) are selected inversely proportional with the 

DERs power ratings to provide power sharing based on rated 

power of DERs. 

To clarify the proposed idea, the performance of the MG of Fig. 

1 with the P-V̇ droop control method is illustrated in Fig. 3. 

During the interval 0<t<t1 , where the MG load is zero, the 

DERs output powers are also zero. As a result, the derivative of 

voltage is zero and the voltage of each DER is equal to V0. At 

t=t1, the load is increased. Consequently, the PCC voltage drops 

and the DERs powers increase. Since R1<R2,  p1 tends  to be 

higher than p2 at t=t1. Subsequently, the droop characteristics 

of the DERs respond to the load change by decreasing the 

derivatives of v1 and v2 to negative values, with |v̇1|>|v̇2|. As a 

result, both v1 and v2 gradually decrease, but v1 decreases faster 

than v2. So, v1 becomes gradually smaller compared with v2, 

which causes a gradual decrease in p1 and gradual increase in 

p2. The difference between v1 and v2 gradually increases until p1 

reaches p2. At this point, according to (6), v̇1=v̇2 , which implies 

that v1 and v2 continue to drop with the same rate and their 

difference is fixed. So, p1 stays equal to p2. 

The proposed P-V̇  droop characteristic is analogous to P-f 

droop characteristic in ac MGs. While in ac MG the integral of 

frequency determines the angle of the voltage phasor, in dc MG 

 

Fig. 3 Performance of the P-V̇ droop control scheme. (a) Derivative of 

terminal voltage of DERs. (b) Terminal voltage of DERs and PCC. (c) DERs 

power. (d) DERs filtered power 

 

Fig. 4 Schematic diagram of the proposed control method 

 

the integral of v̇  determines the amplitude of voltage. In 

addition, the power flow through a line in ac and dc MGs is 

dependent on the difference between the angles and amplitudes 

of the voltages at the two ends of the line, respectively. So, P-V̇ 

droop method provides accurate active power sharing in dc 

MGs in the same way that the P-f droop scheme does in ac MGs. 

The schematic diagram of the proposed control method is 

illustrated in Fig. 4. In the primary control level, the 

instantaneous value of the DER output power (pi) is computed 

as the product of the current and voltage. This power is then 

filtered to extract Pi and applied to the input of the P-V̇ droop 

characteristic to obtain the voltage derivative. An integrator 

calculates the DER reference voltage, which is then applied to 

the inner control loops. A cascaded voltage-current controller is 

adopted in the inner loops to regulate the terminal voltage at the 

reference value. 
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B. Secondary control level 

The proposed P-V̇ control scheme realizes proportional power 

sharing among DERs by creating a deviation in the voltage 

derivative. In order to ensure stable operation, the voltage 

derivative must be restored to zero. To that end, a V̇ control loop 

is deployed in the secondary controller (see Fig. (5)). In this 

control loop, the vertical shift of P-V̇ droop characteristics (δv̇) 

is calculated by comparing the derivative of PCC voltage to its 

reference value and passing the error through a PI controller, 

* *.( ) . ( ).p PCC PCC i PCC PCCv k V V k V V dt  = − + −  (8) 

in which PCCV   is the derivative of filtered PCC voltage and pk   

and ik   are the proportional and integral coefficients, 

respectively. As shown in Fig. (5), the secondary control signal, 

δv̇ , is broadcasted to the DERs via a unidirectional low 

bandwidth communication link. This signal is then used by 

DERs to apply a vertical shift in the P-V̇ droop characteristics: 

  
* .i i iv v m P= −  (9) 

When the MG experiences a disturbance such as a load change, 

the P-V̇  droop characteristics of the DERs respond to this 

disturbance by deviating their voltage derivatives from zero. So, 

the DER voltages and the PCC voltage start to vary, giving rise 

to a non-zero value for PCCV . As a result, the PI controller of 

(8) changes the value of δv̇ to revert PCCV  back to zero. It is 

worthwhile to mention that since the vertical shift applied to the 

P-V̇  characteristics of all DERs is the same, the secondary 

controller does not negatively affect the proportional power 

sharing among DERs.  

The restoration of PCCV to zero ensures that the PCC voltage is 

fixed, but does not regulate the voltage at the rated value. To 

enhance the MG voltage profile, the voltage deviations at the 

PCC bus are eliminated by incorporating another control loop 

in the secondary control level. Two key issues must be 

considered in the design of this loop. Firstly, the dynamic 

relationship between V̇  and V asserts that a nonzero value of V̇ 

is identical to gradual variation of V and V̇ must be zero to have 

the voltage fixed. Secondly, the voltage regulation should be 

accomplished through changing the secondary control signal, 

i.e., δv̇ . Based on these considerations, a cascaded control 

structure is adopted as can be seen in Fig. 5. In this structure, 

the outer loop computes the reference value of the PCC voltage 

derivative as follows: 

   * .( )PCC p rated PCCV k V V= −  (10) 

in which pk   is the proportional coefficient. This reference 

value is then applied to the inner control loop, which calculates 

the secondary control signal according to (8). For the sake of 

clarification, consider the case that VPCC is less than the rated 

value. In this condition, the outer loop of (10) creates a positive 

reference for the derivative of VPCC and the inner loop (equation 

(8)) attempts to track that positive reference by increasing the 

secondary control signal (δv̇).  According to (9), increasing  δv̇ 

results in an increase in the derivative of DER voltages, which  

 
Fig. 5  Proposed secondary control scheme 

in turn causes a gradual rise in DER and PCC voltages. This 

process continues until the PCC voltage reaches the rated value, 

at which point the outer loop generates a zero reference for 
*
PCCV . Subsequently, the inner loop changes δv̇ such that the 

derivatives of DER voltages and hence the PCC are restored to 

zero too. It should be emphasized that the action of the outer 

loop does not conflict with the inner loop. The reason is that the 

outer loop adopts a proportional (not PI) controller which 

provides zero output when the PCC voltage error is zero to 

guarantee voltage stability at steady-state. 

Fig. 5 illustrates the proposed secondary control scheme. As it 

can be seen, the measured PCC voltage is filtered by a low-pass 

filter (LPF) to eliminate the high frequency noise and prevent 

noise amplification by the derivative operator. Due to the 

relatively slow dynamics of the secondary controller, this LPF 

can have a low cut off frequency with negligible impact on the 

dynamic performance of the control loop. So, the LPF 

effectively suppresses the high frequency noise of the voltage. 

In the outer loop, the PCC voltage is compared with the rated 

value (Vrated) to find the voltage error. The voltage error is then 

applied to a proportional controller (equation (10)) to obtain the 

reference of the PCC voltage derivative. On the other hand, the 

measured voltage is passed through a derivation block (d/dt) to 

obtain PCCV . In the inner loop, PCCV is compared with its 

reference value and the error is applied to a PI controller which 

calculates the secondary control signal (δv̇ ). This signal is 

broadcasted to the DERs by means of a unidirectional low 

bandwidth communication link. While the communication 

structure of the proposed scheme and conventional method 

(presented in section II) are the same, only the proposed scheme 

provides accurate power sharing. 

IV. SMALL SIGNAL ANALYSIS 

In order to verify the small-signal stability of the proposed 

scheme and investigate the effect of parameters variations on 

the system dynamics, small signal analysis is presented in this 

section. The analysis is performed on the dc MG of Figure 1. 

The small signal model is extracted by connecting linearized 

state space model of each part of this system.  

State space model of secondary controller including LPF, 

derivative operator and outer and inner loops is derived as: 

0
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in which ωc is cut-off frequency of the first order LPF in 

secondary controller and x is the state variable corresponding to 

the PI controller. Furthermore, Δ and d/dt represent variations 

and time derivative of a variable, respectively. 

The linearized transfer function of communication delay 

presented in [30] as: 

1
( )

1 d

G s
T s

=
+

 (12) 

in which Td is the communication delay. Based on (12), the 

state-space model of the communication delay can be expressed 

as 

 

1 1

1 0

com com

d d

com com

d
v v v

dt T T

v v v

  

  

 = −  + 

 =  + 

 (13) 

where δ�̇�𝑐𝑜𝑚  is the secondary control signal at the receiving 

(DER) end.  

The state space model of the power calculation block of DER1 

is extracted by linearizing, as follows: 

 

1

1 1 1, 1,

1

1

1 1

1

1 0 0

c c op c op

vd
P P I V

idt

v
P P
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    = −  +     

 
 =  +  
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in which subscript “op” refers to the steady state value of a 

variable in the operating point, 𝜔′𝑐 is cut-off frequency of 

intended first order LPF in the primary control level and i1 is 

DER1 output current. State space model of P-V̇  droop and 

integrator in primary control level of DER1 is derived as:      
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1 1 1

1

1 1

0 1

1 0 0
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 (15) 

The inner control loops and the output LC filter of DERs 

provide voltage tracking with fast dynamics. The time constant 

of the voltage tracking loop is much smaller than the droop and 

secondary controller. Therefore, by neglecting the inner control 

loop and LC filter dynamics in small signal modeling, the DERs 

are modeled as ideal controlled voltage sources which realize 

reference voltage. State space model of DER2 is similar to (14) 

and (15) and not included here for brevity. 

Relation of voltage and current of lines presented as follow: 

2

1 2 1 2 1 2

1 1

1

2 2

1 2 1 2 1 2

2 1 1 2

1 2 1 2 1 2

1 1

1 1

.
PCC CPL

R

R R R R R R
i v
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i v

R R R R R R
v i

R R R R
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 = −     + + +         
− 

+ + +  

 (16) 

where iCPL is the CPL’s current. CPLs control their input current 

such that their power is fixed at a desirable value irrespective of 

the grid voltage variations. Similar to any other control 

mechanism, the control loops of the CPLs have a limited 

bandwidth [6]. In this paper, the CPLs are modeled as a 

controlled current source, which regulates current for fixing 

load power. The reference current is calculated as the ratio of 

the intended input power on the grid voltage. This reference 

current is then applied to a low pass filter, which represents the 

limited bandwidth of the CPL’s control loop. The filtered 

current is then realized by a dependent current source. The 

linearized state space model of CPL is expressed in the 

following equation: 

 

* *
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 = −  +    

    

 
 =  +  

 

 (17) 

where c  is the crossover frequency of the CPL control loop 

and *
CPLP is the CPL’s reference power.  

The small signal model of the system is extracted by connecting 

the aforementioned linearized state space models. Parameters 

and operating point information of test dc MG (Fig.1 structure) 

is listed in Table I. The eigenvalues of the system are shown in 

Table II. It is observed that the eigenvalues have negative real 

parts, which implies small signal stability. Fig. 6 (a) illustrates 

the trajectory of the dominant eigenvalues with respect to the 

P-V̇ droop coefficient (mi). As the droop slope is increased from 

0.005 to 0.02, S4 and S5 move away from the real axis, which 

implies a reduction in damping. On the other hand, an increase 

of the droop coefficient enhances the sharing accuracy in spite 

of practical issues such as measurement error. So, the droop 

coefficient must be selected by considering the trade-off 

between damping and sharing accuracy. Fig. 6 (b) shows the 

effect of increasing the lines resistances, which is practically 

identical to increasing the lines lengths. As line resistances are 

increased from half to twice the initial values, S4 and S5 move 

toward the real axis, i.e., the damping is improved. Variations 

of line resistances and droop slope do not have a considerable 

effect on the slower eigenvalues (S1, S2 and S3). 

TABLE I. PARAMETERS OF SMALL SIGNAL MODEL 

R1=0.15 Ω, R2=0.45 Ω   Line 1 & 2 

PCPL=10 kW, c  =650 rad/s CPL 

V0=400 V, m1=0.01 V/W.s, m2=0.01 V/W.s, c

=30rad/s 

Primary Level 

pk  =0.15, ik =0.055, pk  =0.8, ωc=30 rad/s  Secondary Level 

Td = 200 ms Communication 

V1,op=401.8 V, I1,op =12.5 A, V2,op =405.5 V,  

I2,op =12.4 A, *
,CPL opP =10 kW, VPCC,op =400 V 

Operating Point 

TABLE II. CALCULATED EIGENVALUES 

-2.07±2.18j S2, S3: -1.24 S1: 

-2.97×101 S6: (-1.49±1.6j) ×101 S4, S5: 

-6.45×102 S8: -3×101 S7: 
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The effect of changing the secondary controller parameters on 

the system’s dynamics is depicted in Fig. 6 (c)-(e). As shown in 

Fig. 6 (c), as the outer loop’s proportional coefficient (kp in (10)) 

is increased from 0.3 to 2, S1 moves away and S2 and S3 move 

towards the imaginary axis. From Fig. 6 (d), it is seen that 

increasing the proportional coefficient of the inner control loop 

(kp in (8)) causes an increase in damping of S2 and S3. From 

Fig. 6 (e), it is seen that as the inner loop’s integral gain (ki in 

(8)) is increased, S1 moves towards the imaginary axis. 

Furthermore, for small to moderate values of integral gain, S2 

and S3 move away from the imaginary axis and become slower 

but for high values the damping is degraded.  

The effect of latency in the unidirectional low-bandwidth 

communication on the system’s performance is depicted in Fig. 

6 (f). It is seen that a higher communication delay is associated 

with smaller damping and also slower dynamics of S2 and S3. 

Nevertheless, stability is preserved even for communication 

delay of as high as 0.4s.  

V. REAL-TIME SIMULATION RESULTS 
In order to verify the efficacy of the proposed control scheme, 

real-time simulation studies have been performed using a lab 

setup based on OPAL OP5700 as can be seen in Fig. 7. The 

performance of the proposed scheme is compared with 

conventional control method [10] (described in section II), 

which uses the same communication network structure as the 

proposed method. The test dc MG, which is inspired from the 

low voltage microgrid benchmark in [31], [32] is shown in Fig. 

8. The test MG is an islanded dc distribution feeder with four 

DERs and five CPLs connected to different buses directly or 

connecting lines. This structure is selected to show that the 

proposed method is not limited to simple configurations, in 

which each DER is connected to a PCC via a dedicated line and 

loads are only connected to the PCC. Detailed parameters of the 

test MG are listed in Table III. 

Each CPL has a rated power of 14 kW. Initially, the CPLs 1, 3, 

5 are connected. CPL2 and CP4 are connected at t= 21 s and 

t=25s, respectively. Then, CPL3 is disconnected at t=38s. Fig. 

9 illustrates the results of the conventional control scheme. The 

connection of loads at t= 21 s and 25s result in step increases in 

the active power outputs of the DERs (see Fig. 9(a)) and step 

decrease in the PCC voltage (see Fig. 9 (b)). Each time the load 

increases, the voltage drop at the PCC is sensed by the 

secondary controller, which then increases the secondary 

control signal (δv), shown in Fig. 9 (b), to restore the PCC 

voltage to the rated value (400V). However, the conventional 

control method does not provide accurate power sharing among 

the DERs. This issue is illustrated in Fig. 9 (c) by plotting the 

ratio of each DER’s active power to its rating. As seen, the 

DERs are not loaded equally and the percentage loading of 

DERs changes with load variations. 

 

 

Fig. 7  OPAL-RT lab setup 

 

                                         (a)                                                                               (b)                                                                            (c)         

 

                                          (d)                                                                            (e)                                                          (f)      

Fig. 6. Trajectory of dominant eigenvalues with respect to changes in parameters: a) droop slopes (0.005 to 0.02), b) lines resistance from half to twice the 

initial values, c) proportional coefficient of the secondary controller outer loop (0.3 to 2). d,e) proportional (0.04 to 0.4) and integral (1 to 7) coefficient of 

secondary controller inner loop, e) f) communication delay (0.1s to 0.4s). 
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 Fig. 8 Schematic diagram of test MG 

TABLE III.  PARAMETERS OF THE TEST MG 

R=0.02 Ω, L=0.018 mH Line 1 

P
o

w
er S

tag
e 

R=0.01 Ω, L=0.009 mH Line 2 & 4 

R=0.037 Ω, L=0.03 mH Line 3 

R=0.06 Ω, L=0.035 mH Line 5 & 9 

R=0.035 Ω, L=0.019 mH Line 6 & 8 

R=0.026 Ω, L=0.008 mH Line 7 

Prated=30 kW, Vrated = 400 V, Lf=6 mH, Cf=12.5µF DER 1 & 2 

Prated=20 kW, Vrated = 400 V, Lf=6 mH, Cf=12.5µF DER 3 

Prated=10 kW, Vrated = 400 V, Lf=6 mH, Cf=12.5µF DER 4 

PCPL=14 kW CPLs 

kp,v=0.06, ki,v=42, kp,i=50, ki,i=20000 Inner Loops C
o
n
v

en
tio

n
al 

C
o
n

tro
l S

tag
e 

m1 & m2=0.001 V/W, m3=0.0015 V/W, 

m4=0.003 V/W, V0=400 V, c =30 rad/s 

Primary  Level 

kp=0.15, ki=1.15 Secondary Level 

Td = 200 ms Communication 

kp,v=0.06, ki,v=42, kp,i=50, ki,i=20000 Inner Loops 

P
ro

p
o

sed
 

m1 & m2=0.00388 V/W.s, m3=0.00583 

V/W.s, m4=0.01166 V/W.s, V0=400 V,     

c =30 rad/s 

Primary Level 

pk  =0.15, ik =0.055, pk  =0.8, ωc=30 rad/s Secondary Level 

Td = 200 ms Communication 

 

Fig. 10 and 11 illustrate the real-time results with the proposed 

control method. As seen in Fig. 10 (a) and (b), when the DERs 

active powers rise due to load connection (t=12s, t=25s), the 

derivative of DER voltages become negative as per the P-V̇ 

droop characteristics. Subsequently, the secondary control 

signal is increased to restore the PCC voltage derivative (and 

hence the DERs voltage derivative) to zero and compensate the 

PCC voltage drop (see Fig. 10 (c)). Similarly, the load decrease 

at t=38s is followed by increasing the DER voltage derivatives, 

which are then restored to zero by decreasing the secondary 

control signal. As seen in Fig. 10 (c), the transient voltage 

deviations do not exceed 7V, which is equivalent to 1.75% of 

the rated voltage. So, the voltage quality is satisfactory even 

during transients. Comparison of Fig. 10 (d) with Fig. 9 (c) 

reveals that unlike the conventional method, the proposed 

method guarantees accurate power sharing among the DERs. 

DERs voltage and CPLs voltage, by employing proposed 

scheme are shown in Fig. 11 (a) and (b). As seen, the steady-

state voltages slightly deviate from the rated value due to the 

voltage drop across the lines. These voltage deviations are small 

and within the acceptable range (1.25% of the rated voltage).  

Communication delay of 200ms was considered in previous 

real-time studies. To clarify how the variation of the 

Line 2

PCC

Line 1

Line 4

Line 3

Line 5

Line 6

Line 7

Line 8

Line 9

 DER1

 DER2

 DER3

 DER4
 CPL5

 CPL4

 CPL3

 CPL2

 CPL1

 

(a) 

 

(b) 

 

(c) 

Fig. 9 Performance of the conventional control scheme a) DERs output 

power, b) PCC voltage minus rated voltage and secondary control signal, 

c)ratio of each DERs output power to its rating 

[P1 : 4000W/div]

[P2 : 4000W/div]

[P3 : 4000W/div]

[P4 : 4000W/div]

[Time: 5s/div]

t=0s t=25s t=50s

[Time: 5 s/div]

[VPCC-400: 5 V/div]

[δv: 5 V/div]

[P1/P1,rated : 0.2/div]

[Time: 5s/div]

[P2/P2,rated : 0.2/div]

[P3/P3,rated : 0.2/div]

[P4/P4,rated : 0.2/div]
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communication delay affects the proposed scheme other real-

time simulations of the test dc MG have been conducted. Figure 

12 shows PCC voltage during CPL2 connection for different 

communication delays. It is seen that as the communication 

delay increases from 50ms to 350ms, the transient voltage 

deviation slightly increases. This result is justified in the 

following. The P-V̇ droop controller of each DER responds to 

the load increase by decreasing the voltage derivative to a 

negative value. As a result, the voltage gradually decreases. 

This change is sensed by the secondary controller, which in turn 

increases the secondary control signal ( δv̇ ) to restore the 

derivative of the PCC voltage to zero and its magnitude to the 

rated value. As a result of communication delay, the secondary 

controller’s action is transferred to the DERs after a delay time. 

With a higher communication delay, the secondary controller’s 

action transfers later, thus the time required to restore the 

voltage derivative to zero increases. In other words, the voltage 

derivative remains negative for a longer period. This results in 

 

(a) 

 

(b) 

Fig. 11 Performance of the proposed scheme. a) DERs voltage minus rated 

voltage and CPLs voltage minus rated voltage, b) CPLs voltage minus rated 

voltage 

 

(a)            (b) 

 

(c)            (d) 

Fig. 12 PCC voltage by employing proposed shceme for communication delay 

of a) 50 ms, b)150 ms, 250 ms, 350 ms.    

 

[V1 -400 : 5V/div]

[Time: 5s/div]

[V2 -400 & VCPL2 -400 : 5V/div]

[V3 -400 & VCPL3 -400 : 5V/div]

[V4 -400 & VCPL5 -400 : 5V/div]

[VCPL1 -400 : 5V/div]

[Time: 5s/div]

[VCPL4 -400 : 5V/div]

[VPCC-400: 5V/div]

[Time: 2s/div]

[VPCC-400: 5V/div]

[Time: 2s/div]

[VPCC-400: 5V/div]

[Time: 2s/div]

[VPCC-400: 5V/div]

[Time: 2s/div]

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 10 Performance of the proposed scheme. a) DERs output power, b) 

derivative of DERs voltages, c) derivative of PCC voltage, secondary control 

signal and PCC voltage minus rated voltage, d) ratio of each DERs output 

power to its rating 

 

[P1 : 4000W/div]

[P2 : 4000W/div]

[P3 : 4000W/div]

[P4 : 4000W/div]

[Time: 5s/div]

t=0s t=25s t=50s

[V2 : 20(V/s)/div]

[V1 : 20(V/s)/div]

[V3 : 20(V/s)/div]

[V4 : 20(V/s)/div]

[Time: 5s/div]

[Time: 5s/div]

[VPCC-400 : 5V/div]

[δv : 20(V/s)/div]

[VPCC : 14(V/s)/div]

[P1/P1,rated : 0.2/div]

[Time: 5s/div]

[P2/P2,rated : 0.2/div]

[P3/P3,rated : 0.2/div]

[P4/P4,rated : 0.2/div]
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a further decrease in the voltage magnitude. For communication 

delay of 350ms, a slight ringing is observed in the voltage 

waveform. Nevertheless, the maximum transient voltage 

deviation is only 9V (= 2.25 % ), the ringing has a peak-to-peak 

value of less than 2V and the steady-state voltage deviation is 

zero. Therefore, the proposed scheme is robust with respect to 

communication delay and provides a satisfactory performance 

even for communication delays as large as 350ms. 

VI. DISCUSSIONS 

The proposed control method coordinates the dispatchable 

DERs in islanded dc MGs to ensure load/generation balancing. 

Apart from dispatchable DERs, non-dispatchable DERs such as 

photovoltaic (PV) and wind generations are also utilized in dc 

MGs. Commonly, non-dispatchable DERs are operated at their 

maximum power point (MPP), which depends on the time of 

day and weather conditions [6]. As long as operated in MPP, 

the non-dispatchable DERs can be considered as intermittent 

negative loads. Accordingly, the net load (difference between 

the total load and total generation of non-dispatchable DERs) 

can be shared among the dispatchable DERs based on the 

proposed method. For dc MGs with high penetration of non-

dispatchable DERs, the dispatchable DERs might not have 

enough capacity to cope with the intermittency of non-

dispatchable DERs. Therefore, PV/wind power curtailment 

might be necessary for generation-consumption balancing [6], 

[28], [33]. This situation can be detected by examination of the 

grid voltage. When the voltage exceeds the threshold which 

represents over generation in the dc MG, power curtailment is 

employed to maintain the load/generation balance [28]. In a 

similar fashion, it is possible to extend the proposed control 

scheme to non-dispatchable DERs. Specifically, if the 

secondary control signal (𝛿�̇�) becomes lower than a threshold 

(which represent over-generation), power curtailment can be 

performed in non-dispatchable DERs.  

By selecting the P-V̇ droop slope based on the power rating, the 

proposed method realizes power sharing among the DERs in 

proportion with their rated powers. The proposed method can 

be modified to realize SoC-based [29] and reliability-based 

power sharing schemes [27]. To that end, the slope of the P-V̇ 

droop characteristic should be changed in accordance with the 

SoC or reliability considerations, in a similar fashion as  [29] 

and [27]. Nevertheless, the detailed investigation of the 

mentioned subjects is out of the scope of this paper. 

 

VII. CONCLUSIONS 

In this paper, a new two-level control scheme is proposed for 

accurate power sharing and appropriate voltage regulation in 

the islanded operation mode of dc MGs. In the primary control 

level of the proposed scheme, a P-V̇ droop method is adopted to 

provide accurate power sharing among DERs. The proposed 

secondary control level restores the voltage derivative to zero 

and regulates the voltage at the nominal value. For this purpose, 

a cascaded control scheme comprising an inner voltage 

derivative control loop and an outer voltage control loop is 

adopted in the secondary controller. The output of secondary 

controller is the vertical shift of the P-V̇ droop characteristics, 

which is broadcasted to each DER. The proposed scheme offers 

accurate power sharing and voltage regulation while using a 

simple cyber network comprising of a unidirectional low-

bandwidth communication link from the secondary controller 

to DERs. In addition, this method is not restricted to simple 

topologies (such as the case that each DER is connected to a 

PCC via a dedicated line) but is applicable to practical 

networks, where DERs are distributed along a feeder. Small 

signal stability analysis was presented to investigate the effect 

of parameter variations on the dynamic modes. A real-time 

simulation study based on an OPAL-RT lab setup was 

performed to verify the efficacy of the proposed control scheme 

and compare its performance with the conventional control 

method. Simulation results show that unlike the conventional 

hierarchical control method of dc MGs, the accuracy of power 

sharing in the proposed scheme is not affected by the line 

impedances. It is worth highlighting that the proposed method 

uses the same communication structure as the conventional 

scheme so the enhanced sharing accuracy does not bear any 

additional cost. 
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