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Abstract
To reduce peak loads, direct and indirect load control are common strategies used to change demand during peak hours.
Voltage dependent demand response (DR) is a direct load control for changing loads in a DC mircogrid. The characteristics
of electronic loads can be controlled with a switch-mode DC boost or buck converter. They have faster response to maintain
stable output voltage under the fluctuating load condition and heavy load condition. Applying a fast load step to voltage
regulator can maintain a well regulated voltages and load currents. The increased load resistance will cause voltage drop
when load current is increased during heavy loads. Thus, their adjustable internal load impedances can change the absorbed
currents by regulating the duty ratio. In this study, a screening model is employed to estimate the virtual internal impedances
of power electronic loads. Then, the desired duty ratio can be determined to perform the DR program, while the boost
converter acts to step-up or step-down the load voltages using the PID (proportional-integral-derivative) controller. For a
DC microgrid, simulation results show the feasibility of the proposed methods: (1) exact control of load voltage at both the
power source side and load sides and (2) regulation of absorbed currents to modify load voltages and reduce line voltage
drops and line losses during heavy loads.

Keywords Demand response · Direct load control · Virtual internal impedance · Power electronic load ·
Proportional-integral-derivative controller

Introduction

Power electronic loads are used in DC or AC micro-
grids and distribution networks, such as naval ships,
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plug-in hybrid electric vehicle charging stations, indus-
trial systems, and smart buildings / houses. DC microgrids
have no frequency and reactive power controls and have a
good interface connection with the main grid and renewable
energy sources, energy storage devices, and power elec-
tronic loads [1–3]. In a DC microgrid, renewable energy
sources, energy storage devices, and electronic loads can
be directly connected without AC-DC converters. DC dis-
tributed generations (DGs), such as in photovoltaic (PV)
energy, wind power, and fuel cells, and power electronic
loads are connected with DC bus via the DC-DC convert-
ers. Therefore, energy storage and power electronic loads
are easy to control the variable demands and to balance
the DC DGs. A DC microgrid can also operate in a stand-
alone mode as a single aggregated system with DGs, and
can meet the local demands without requiring long trans-
mission lines. Because DC power is sent near the demand
site, thus transmitted DC power can increase the efficiency
as comparing with AC based microgrids. DGs can be eas-
ily integrated into an entire DC power source to supply
local loads [4, 5], while line losses and line voltage drops
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can be decreased. In addition, the microgrid is also con-
nected to the main grid through a bidirectional AC–DC
converter. The grid-connected mode is required to be avail-
able for local demands during peak hours or DGs blackout.
Hence, power stability and uninterruptible power supply
can be further improved. Traditionally, regular loads are
usually constant powers and constant impedances. During
peak hours, energy mediators or aggregators [6–8] allow
the demand response (DR) programs to directly switch
off the uncontrolled and lower priority loads, or indirectly
control the loads using contractual and intensive DR strate-
gies [9–11]. With the increasing usages of power electronic
loads, these loads are supplied with the DC–DC converters.
Therefore, a power electronic load with the switch-mode
converter is a variable impedance load [12–14] and can
be controlled to affect the power absorption from the DG
sources, such as PV energy, wind energy, and battery energy
storage [15, 16]. We need to develop a DC DR to adjust the
internal parameters of power electronic loads during peak
hours [17–19]. For direct load control in DC microgrid, an
aggregator integrates a DR and DGs to adjust the control-
lable power electronic load, according to the collections of
each load current and voltage. Hence, a screening model is
designed to estimate the desired effective impedance and
duty ratio of power electronic loads with the load voltages
and currents. Then, the aggregator announces the desired
effective impedance to each load for performing the DR.
Finally, each load will be adjusted the duty ratio of DC-
DC converter accordingly by the controller [15]. Therefore,
this study intends to propose a virtual internal impedance
screening model to determine the effective impedance. Each
power electronic load will adjust the duty ratio of DC-DC
converter that participates the DR program using the PID
controller. Therefore, the proposed method can keep power
balance in a DC microgrid by absorbing power from DGs
during peak hours.

Power electronic loads are connected with the PWM
(pulse-width modulation) DC–DC converters and DC–AC
inverters in DC microgrids or AC distribution networks [4,
17, 20, 21]. DGs can synchronously store energy in the
storage devices and supply DC or AC loads. One advantage
is that their internal load characteristics can be controlled
as variable resistor loads in a DC microgrid and variable
impedances in an AC microgrid [17, 22, 23]. When heavy
current occurs at the load, the voltage at the load bus will
drop due to line resistance and internal impedance of the
DC–DC converter or DC–AC inverter. We can control the
variable resistors for the power electronic loads. Therefore,
absorbed powers from the DGs can be regulated by switch-
mode converters with PWM controls in a DC microgrid To
reduce the DG supply variations, DC–DC boost converters
modulate the absorbed powers by increasing the load
voltages through the duty ratio regulation [24]. The adopted

range (0.95 – 1.05 in per-unit value) of load voltages can be
fixed or adjustable by using the variable resistors to set the
desired load voltage Under the AMI (Advanced Metering
Infrastructure) environment, distributed information can be
available to synthesize direct load control with adjusting the
effective impedance of power electronic load. Therefore,
each load can be adjusted to control the power absorption
from DG sources and modify the load voltage for achieving
the DR program.

In order to reduce the voltage drops and power absorption
a screening model need to be incorporated to estimate the
internal load impedance. In this study, a voltage dependent
DR strategy will be used to directly control power electronic
loads during heavy loading These power electronic loads are
supplied with the DC–DC converter. Therefore, each power
electronic load is equivalent to a variable resistor load. Its
equivalent impedance is the correlation with the internal
impedance, including the impedance of a converter and
static load resistor. The virtual internal impedance screening
model, a key technique, is proposed to estimate the effective
impedance of power electronic loads during peak hours. Its
screening model is derived from nodal voltage equations,
Newton–Raphson method, and DC power flow [25–27].
Nodal voltage equations are used to model the whole DC
microgrid and to express the variable resistor of each power
electronic load. Therefore, the “virtual internal impedance”
is a screening model in term of the voltages to estimate
the equivalent impedance of each power electronic load.
The virtual internal impedance can be estimated using the
whole nodal voltages from the online metering voltages in a
DC microgrid. While the metering nodal voltages changes,
the estimated virtual internal impedance is sensitively used
to identify the heavy loads during peak hours. A DC
power flow with the current injection method [27] and the
Newton–Raphson method [25, 26] is employed to validate
the proposed screening model. Therefore, the equivalent
impedance of each power electronic load can be measured
and directly controlled at the common coupling point.
By controlling the variable resistor of power electronic
loads, the power absorption delivered to each electronic
load can be regulated while participates in DR. The duty
ratio deviation is determined to adjust the boost converter
by using the voltage conditions within its maximum and
minimum permissible duty ratios. When the load voltages
exceed the critical threshold values, 0.95−1.05 in per-unit
value, the desired duty ratio is estimated to adjust the boost
converter through the controller. The proposed screening
model and controller scheme intend to perform the direct
load control, while modify the load voltage at each load and
reduce the power loss on each distribution feeder.

PI, PID, and fuzzy-PID controllers [28–30] can regulate
the duty ratio to the desired operating point of a DC-
DC converter or a DC-AC inverter. However, a limitation
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of PI and PID controllers is that you need to tune the
controller parameters to improve the control performance
to meet various operating conditions. Fuzzy-based control
methods can automatically tune the controller parameters.
However, these methods require the design of inference
rules or a look-up table for the determination of the
controller parameters. Therefore, a Ziegler–Nicholas-based
[30–32] tuning method is used to design the three
control parameters, including proportional (P), integral
(I), and derivative (D) gains. This avoids the trial-and-
error design procedure, minimizes overshoot, improves
transient responses, decreases steady-state errors, and
improves control performances. In addition, self-tuning
based optimization methods [33, 34] are also used to
determine the optimal control parameters to improve control
performance and transient responses, such as particle
swarm optimization-PID, evolutionary programming-fuzzy
control, and genetic algorithm-PI. However, these methods
are used only to tune the optimal control parameters, but
they can not estimate the desired duty ratio of f a converter
or an inverter. Based on direct load control mode, the
switch-mode converters with PWM controls are suffice
to regulate power electronic loads for DR program. The
proposed “virtual internal impedance” screening model
with a tuned PID controller can achieve the intended DR
aim. For a DC microgrid, simulation results show that the
proposed methods can act on the DR program to reduce
demand and that exact load voltages can be accurately
regulated in a specific range. The proposed screening model
and control scheme can also be easily implemented in an
embedded system or an intelligent/a smart meter.

The remainder of this paper is organized as follows.
Section “Methodology” describes the methodology, includ-
ing the DC microgrid model, virtual internal impedance
screening model, PID controller, and the procedure of elec-
tronic load DR. Sections “Simulation Results and Discus-
sions” and “Conclusion” present simulation results, discus-
sions, and conclusion demonstrating the efficiency of the
proposed methods and conclusions, respectively.

Methodology

DCMicrogrid Model

A DC microgrid has a radial configuration comprising
distributed energy sources, distribution feeders, storage
devices, and local communication systems. It can be
connected to the main grid through an AC–DC converter
at the point of common coupling. For regular DC loads,
demands, such as PV energy, small-scale wind energy, and

storage devices, come directly from the distributed energy
sources at a DC bus. The PV output power and voltages
are easily influenced by atmospheric conditions such as
temperature, solar radiation, rain, and moderate-to-heavy
cloud cover. The maximum power point tracking (MPPT)
algorithm is used to estimate the maximum output power
and maximum power point voltage (MPPV) [35–38]. The
lumped output current, IS , and lumped output power, PS , for
a PV array with p identical PV panels connected in parallel
can be expressed as follows:

Lumped Current: IS = I1 + I2 + · · · + Ip,

IS = p ×
(

NpIL − NpIsat

[
exp

(
q

kT A

V

Ns

)
− 1

])
(1)

Lumped Output: PS = VS × IS (2)

where VS is the output voltage, IL the photocurrent, Isat

the reverse saturation current, Np the number of modules
connected in parallel, Ns the number of modules connected
in series, q the charge of an electron, k Boltzmann’s
constant, A the diode quality factor, 1 <A<2 (A =1 being
the ideal value), and T the cell temperature. Then, theMPPT
algorithm is used to regulate the PV array’s output power
and voltage. The MPPV, VS , can be estimated as follows
[35, 36]:

V = NskT A

q
ln

(
pNpIL + pNpIsat − I

pNpIsat

)
(3)

IL = [Isc +ksc(T −Tr)] S

100
, VS = V +η×(T −Tr) (4)

where Tr is the reference temperature (25 ◦C), Isc is the cell
short-circuit current at Tr , ksc is the short-circuit current/
temperature coefficient, S the solar radiation value, and η

is the temperature compensation coefficient. Considering
Taiwan’s environment and weather, solar radiation of 0.4–
1.0 kW/m2 and temperature of 20 ◦C – 35 ◦C in outer places,
the characteristic curves of a PV array with four (p = 4)
identical PV panels are shown in Fig. 1. In our previous
studies [35, 36] the MPPT algorithm was used to estimate
the maximum output power and MPPV under various solar
radiation and temperature conditions. It can be seen that as
these atmospheric conditions increase, the PV array output
power gradually increases. Hence, the exact voltages of DC
loads can be regulated by the DC–DC converters at the
common coupling point [8], as shown in Fig. 1a. No phase
angle, frequency, or reactive power has to be considered for
control.

When available energy sources cannot meet the demand,
DR strategies act to reduce peak load demands during peak
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Fig. 1 The PV array
characteristic curves. a The I-V
curves under various solar
radiation and temperature, b The
P-V curves under various solar
radiation and temperature
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hours; these include incentive control, direct load control,
and indirect load control [8, 9]. For a distributed supply
system, DC voltage is a local variable for voltage dependent
DR. By metering the bus voltages, DR program acts when
the voltage exceeds critical threshold values, (0.95, 1.05)
per unit value, such as load voltages drop due to load
demand increases, voltage drops on distribution feeders, and
power loss increases. Therefore, we propose the equivalent
impedance, as a variable impedance, to control the load
voltage and power demands from the distributed energy
source to each power electronic load. Each power electronic
load can be modeled with a DC–DC converter, that is,
the virtual impedance, Ri , can be controlled to change the
internal impedance of an electronic load [17, 20, 21]

Ri = (1 − D)2R0 (5)

where Ri is the virtual load impedance of an electronic load
(equivalent impedance),Ro is the rated load impedance, and
D ∈ (0, 1) is the duty ratio of the DC–DC converter. A boost
converter (voltage level: 24VDC at the common coupling
point, 48VDC at the load bus) is considered in this study,
as seen in Fig. 2a. Thus, the virtual load impedance will be
used to identify the load changes, and then intend to change
power delivery to each electronic load.

In addition, the “DC power flow” can be used to
rapidly analyze local information, including the bus (nodal)
voltages and power delivery to each power electronic load.

As seen in Fig. 2b, considering a radial distribution network
with n nodes, the whole DC microgrid has the following
admittance matrix, Y :

Mji = 1

Rji

, j = 1, 2, ..., n, i = 0, 1, 2, ..., n (6)

yjj = Mji, j �= 0, i = 0 (7)

yjk =

⎧⎪⎨
⎪⎩

(
Mjj +

n∑
k �=j

Mjk

)
, if j = k

−Mjk, if j �= k,

(8)

Y = [yjk] ∈ Rn×n, j = 1, 2, ..., n, k = 1, 2, ..., n (9)

where element, yjk , is the admittance (yjj �= 0) between the
nodes j and k. Using the current injection method [20], the
current source is injected into the DC microgrid, the PV
output power is injected into node 1#, and the nodal voltage
equations are as follows:

YV = I ⇒ [Y ]n×n

⎡
⎢⎢⎢⎢⎢⎣

V1

V2

V3
...

Vn

⎤
⎥⎥⎥⎥⎥⎦

n×1

=

⎡
⎢⎢⎢⎢⎢⎣

IS

0
0
...
0

⎤
⎥⎥⎥⎥⎥⎦

n×1

(10)
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⎡
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V1

V2

V3
...
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=
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IS

0
0
...
0

⎤
⎥⎥⎥⎥⎥⎦

(11)

Ii(Vi) = yi1Vi + yi2V2 + · · · + yiiVi + · · · yinVn (12)

where IS is the injection current into node 1#, depending
on realistic overall loads; Ii(Vi) is the ith nodal voltage
equation; and Vi , where i = 1, 2, . . . , n, is the ith guess.
Thus, nodal voltages, V1 − Vn, can be calculated using

iteration methods [25, 26]. In this study, the Newton–
Raphson method uses the value of Vi(p) at iteration p to
generate Vi(p+1) as follows:

JiVi(p+1) = JiVi(p)+(I −Ii(Vi)), Ji = ∂Ii(Vi)

∂Vi

(13)

Jacobian (J) matrix: J =

⎡
⎢⎢⎢⎢⎢⎢⎣

∂I1
∂V1

∂I1
∂V2

∂I1
∂V3

· · · ∂I1
∂Vn

∂I2
∂V1

∂I 2
∂V2

∂I2
∂V3

· · · ∂I2
∂Vn

∂I3
∂V1

∂I3
∂V2

∂I3
∂V3

· · · ∂I3
∂Vn

...
...

...
. . .

...
∂In

∂V1

∂In

∂V2

∂In

∂V3
· · · ∂In

∂Vn

⎤
⎥⎥⎥⎥⎥⎥⎦

= Y

⇒ Vi(p + 1) = Vi(p) + J−1
i (I − Ii(Vi)) ⇒

⎡
⎢⎢⎢⎢⎢⎣

V1(p + 1)
V2(p + 1)
V3(p + 1)

...
V10(p + 1)

⎤
⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎢⎣

V1(p)

V2(p)

V3(p)
...

V10(p)

⎤
⎥⎥⎥⎥⎥⎦

+ J−1

⎡
⎢⎢⎢⎢⎢⎣

IS − I1(V1)

0 − I2(V2)

0 − I3(V3)
...

0 − I10(V10)

⎤
⎥⎥⎥⎥⎥⎦

(14)
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The iteration operation uses the value of Vi(p) at iteration
number, p, to generate voltage, Vi(p+1). The iterative
computing procedure is terminated when the following
convergent condition, ε, is achieved:∣∣∣∣Vi(p + 1) − Vi(p)

Vi(p)

∣∣∣∣ ≤ ε, for all i = 1, 2, 3, . . . , 10 (15)

When any metering nodal voltage change exceeds critical
threshold values, the proposed screening model is employed
to estimate the virtual internal impedance. In this Study, the
DC power flow using the current injection and Newton–
Raphson method is employed to validate the screening
results for on line applications. The presence of computing
results enhance the screening confidences of heavy load
identification. A virtual impedance model of the electronic
load is derived in next section.

Virtual Internal Impedance ScreeningModel

Considering n power electronic loads, i = 2, 3, 4, . . . , n,
each power electronic load is equivalent to a variable
resistor load, Ri , as seen in Fig. 2b. The distributed energy
source is modeled as a constant voltage source, Vs , with a
constant internal resistor, Rs , at Bus 1#. Hence, one current
source is injected into the DC microgrid, and the nodal
voltage equations at the Bus i# are as follows:

Vi

Ri

+ Vi − V1

Ri1
= 0 (16)

V1 − Vs

Rs

+ V1 − Vi

Ri1
+

n∑
k=2,k �=i

V1 − Vk

R1k
= 0 (17)

where V1 is the nodal voltage at bus 1#; Ri , where i =2,
3, . . . , n, is the virtual load impedance at bus i#; and
Ri1 = R1i and R1k = Rk1 (y1k = yk1) are the feeder
resistors. Combining the nodal voltage (15) and (11), each
power electronic load’s internal impedance can be derived
as follows:

Vi

Ri

= Vs − V1

Rs

+
n∑

k=2,k �=i

Vk − V1

R1k
(18)

⇒ Ri = Vi(
Vs−V1

Rs

)
+

(
n∑

k=2,k �=i

y1k × (Vk − V1)

) (19)

Ii(Vk) ≈
(

Vs − V1

Rs

)
+

⎛
⎝ n∑

k=2,k �=i

y1k × (Vk − V1)

⎞
⎠ (20)

Vk = 1

ykk

[Ik−(y1kVk+y2kVk+· · ·+ynkVk)], k=2, 3, 4, . . . , n

(21)

where Ii and Vk are the load current and voltage of ith
power electronic load. Therefore, the internal impedance of
ith power electronic load can be estimated. Then, the boost
DC–DC converter can be regulated to support the DR by
the duty ratio. Let Dmin

i and Dmax
i denote the minimum

and maximum duty ratios at the ith power electronic load,
as [17]

Dmin
i ≤ Di ≤ Dmax

i ⇒ Dmin
i −Di ≤ 0 ≤ Dmax

i − Di

⇒ �D−
i ≤ 0 ≤ �D+

i (22)

Thus, Eq. 22 can be represented as the constraint,

�R−
i ≤ 0 ≤ �R+

i ⇒ R−
i −Rio ≤ 0 ≤ R+

i −Rio (23)

where

R−
i = (1 − �D−

i )2Ri0 ⇒ �D−
i = 1 −

√
R−

i

Rio

,

�D−
i ≥ 0, R−

i ≤ Rio (24)

R+
i = (1 − �D+

i )2Ri0 ⇒ �D+
i = 1 −

√
R+

i

Rio

,

�D+
i < 0, R+

i > Rio (25)

where Rio is the rated load impedance at bus i#. When
the current of power electronic load, Ii , increases, the load
voltage, Vi , decreases below the <0.95pu critical threshold.
Thus, the virtual load impedance, Ri ≈Vi / Ii , can be
estimated as R−

i < Rio and �D−
i > 0 at the peak hours or

heavy load. Then, a controller acts to regulate the duty ratio
as follows:

Di,new = Di,old + �D−
i (26)

Di,new = Di,old − �D+
i (27)

where symbol “+” indicates a step-up voltage and “–” a
step-down voltage. The duty ratio is always positive and less
than 1, D ∈ (0,1). In this study, we propose a tuned PID
controller to regulate the duty ratio of the boost converter.

As seen in Fig. 2b, intelligent/smart meters are used
to gather information about voltages, currents, and powers
in a DC microgrid. In AMI environment, head end
systems are specialized software for connecting the meter
data management (MDM) system and intelligent/smart
meters. Metering data from each consumer allows a power
utility to perform the DR program, including direct load
control, indirect load control, and incentive control during
peak hours. Hence, power utility can deliver commanded
messages for controlling smart appliances with remote
switches in each consumer. The AMI can also provide
available information for DR, including the load profiles,
voltages, and currents [10, 38]. By the combining the
automatic direct load control method, the proposed “virtual
internal impedance screening model” is employed to
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estimate the effective impedance of power electronic loads
during peak hours with the load voltages and currents.
When the load voltage drop is sensed, the boost converter
increases the duty ratio to adjust the internal impedance,
and the absorbed current will decrease to meet the DR. This
can maintain well regulated voltage to control the power
absorption for each electronic load during peak hours.

Regulate Duty Ratio with PID Controller

The available ranges of load voltage and absorb power are
shown in Fig. 3a. Although the load voltage is less than the
critical threshold 0.95 pu, DG supply power can increase
the voltage using the available active power with the power
limit, [Pmin, Pmax]. Conversely, when the demands exceed
the DG output power, they can absorb active power from the
main grid and / or the controller and can act to control load
via voltage dependent DR. To regulate the duty ratio, a PID
controller is used to step-up or step-down the output voltage
of the boost converter by varying the ±�D. The controller
can continuously estimate the errors as the differences
between the desired set point, Dinew and the estimated
variable, Diest . The controller intends to minimize the error,
e(t), by the PID operations [28–30]:

u(t) = KP e(t) + KI

∫ t

0
e(τ )dτ + KD

de(t)

dt
(28)

e(t) = Di,new(t) − Di,est (t) (29)
where KP is the proportional gain, KI is the integral gain,
and KD is the derivative gain. The duty ratio regulation

with the PID controllerbased scheme is shown in Fig. 3b.
Their coefficients are tuning parameters, tuned with the
Ziegler–Nicholas method [30–32]. According to the desired
step response curve, as seen in Fig. 4, the rising time, T2,
is the time when the output response reaches 50% of the
steadystate value, and the derivative gain, KD is KP×(T2 −
T1). The steady state error is removed with the integral gain
action, KI = KP /k1, where k1 is the steadystate value. The
design of the controller parameters for the Ziegler–Nicholas
step response method is shown in Table 1. The continuous
(18) can be modified as the discrete representation

u(th) = KP [e(th)]+KI

[
h∑

i=1

e(ti)�t

]
+KD

[
e(th) − e(th−1)

�t

]

(30)

where �t = th− th−1 is the sampling time, e(th) and
e(th−1) are the errors, h = 0, 1, 2, . . . . That is, the discrete
PID controller can be easily implemented in a PC-based
application or an embedded system. Equation (20) is used to
regulate the duty ratio of a boost DC–DC converter in this
study.

The Procedure of Electronic Load Demand
Responses

Considering a DC microgrid, a radial distribution config-
uration with 5 electronic loads (Load 1# -Load 5#) and
1 constant load (Load 6#) is shown in Fig. 5. The power

Fig. 3 The control scheme of
the boost dc-dc converter. a The
available ranges of load voltage
versus the absorb power, b The
duty ratio regulation with the
PID controller based scheme
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KD de(t)/dt
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Fig. 4 The step response curve of the close loop control

source resistor, line resistors, and load internal resistors are
represented as per unit value in the equivalent circuit. This
microgrid can be controlled as a single aggregated system
with a DC power source and 6 loads. A PV array with 4
identical PV panels at the bus 1# is modeled as a constant
DC power source. The MPPT algorithm is used to estimate
the MPPV, 19.09–19.36VDC, and maximum output power,
0.84–1.07kW, with temperatures in the range 20 ◦C–35 ◦C
and solar radiation 0.40–1.00 kW/m3. For six boost DC–DC
converters at the source and load sites, the duty ratio can be
estimated to match the load or battery charge to the PV array
[33, 34, 39, 40]

DS = 1 − MPPV

VL

, 0 < Ds<1 (31)

definition of duty ratio:

D = ton

ton + toff

= ton

Td

(32)

where the ranges of duty ratio are about from 0.2 (rated
load voltage, VL = 24VDC) to 0.50 (rated load voltage,
VL = 48VDC), and toff the turn-off time and ton the
turn-on time, Td = toff + ton [39]. Therefore, the exact
voltages of the DC power source can be fixed under the
various atmospheric conditions. In contrast with the AC
power source, only rate voltages, 24VDC or 48VDC, had
to be fixed in the specific range, (0.95pu, 1.05pu), without

Table 1 Controller parameter selections for Ziegler-Nicholas step
response method

Controller

Gain KP KI KD

P k1/ 2 — —

P-I k1/ 2 KP / k1
P-D k1/ 2 — KP ×(T2 − T1)

P-I-D k1/ 2 KP / k1 KP ×(T2 − T1)

regulating the phase angles, frequencies, reactive power, and
synchronizations. Local system reliability and efficiency
can be improved. The virtual internal impedance screening
model is used to estimate the load changes of each power
electronic load. By controlling the variable resistors of each
electronic load, R2 to R6, the absorbed power delivery can
be regulated from the DC power source. Regulating the duty
ratio, a PID controller is used to tune the voltage level at
each bus, 2# to 6#, while the voltage drops and power losses
on each line can be reduced. The voltage dependent DR can
be achieved using Eq. 27. The absorbed currents (per unit)
and voltage drops for each electronic load are

I1j = [(V1 − Vj ) × y1j ], j = 2, 3, . . . , 6 (33)

�V1j = V1,nor − Vj < 0.05pu (34)

where V1,nor is the bus voltage under normal conditions.
The DC power flow using the current injection method and
Newton–Raphson method can rapidly screen the conditions
of the whole grid with cloud computing. When the load
voltage is less than the critical value, the voltage dependent
DR acts to regulate the internal impedance of power
electronic load. Figure 6 shows the procedure for electronic
load DR using the proposed methods.

Simulation Results and Discussions

The proposed virtual internal impedance screening model
and PID controller were designed and tested on a PC with
MATLAB mathematical computing software (MathWorks
Natick, Massachusetts, USA). A small-scale PV array with
4 identical panels (rated voltage: 24VDC, rated power:
1 kW) was simulated as a DC power source. The ICM
based MPPT algorithm was employed to match the load
demands (electronic loads or vehicles) and battery charges.
In Taiwan’s subtropical outdoor environment, the average
solar radiation in outer space is approximately 0.4–0.80
kW/m2 and temperature 2 ◦C–30 ◦C. The P–V and I–V
characteristic curves of the PV array are shown in Fig. 7a
and b, respectively As solar radiation and temperature
increase, the MPPT algorithm can be used to control the
boost converter until the rated voltages reach the desired
values, as seen in the duty ratio regulations in Fig. 7c
Therefore, a constant DC power source could be fixed
to deliver power to 6 loads under various atmospheric
conditions. The virtual internal impedance screening and
electronic load DRs were validated as detailed below.

The Results of Virtual Internal Impedance Screening

For a DC microgrid as in Fig. 5, DC power flow analysis
was used to simulate the normal load and heavy load using
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the current injection and Newton–Raphson methods, as seen
by the bus voltages and absorbed load currents in Fig. 8a and
b. With a supposed demand increase on the power electronic
loads, 1# to 3#, at busses, 2# to 4#, the bus voltages drop
at each load bus due to absorbed load current and line
voltage drop increases. While the load voltages were below
the critical threshold value, 0.95 pu, the proposed virtual
impedance model was employed to estimate the internal
load changes, as shown in Fig. 8c. It can be seen that the
internal impedances had large deviations at busses 2#, 3#,
and 4# (red dash line). The procedure for the virtual internal
impedance estimation was as follows:

Step 1) obtain the microgrid parameters, including the
injection current, line resistors, and load internal resis-
tors, then perform the DC power flow to obtain whole
nodal voltages in a DC microgrid

Step 2) obtain the load voltages as seen in Fig. 8a and
identify the voltage levels,

Step 3) estimate the virtual internal impedances as the
voltage level was less than 0.95 pu.

It can be seen that the original internal impedances were
R2 = 0.98 pu, R3 = 0.98 pu, R4 = 0.98 pu, R5 = 1.00 pu,
and R6 =0.98 pu. Without regulating the boost converters,
the load voltages had deviations, [�V12,�V13,�V14,�V15,
�V16, �V17]=[0.0488, 0.0589, 0.0589, 0.0475, 0.0574,
0.0568] per unit value, and the absorbed load currents
gathered at the 2#, 3#, and 4# busses. The estimated
virtual internal impedances were computed using Eqs. 18
and 19, as [R2, R3, R4, R5, R6, R7]=[0.88*, 0.90*, 0.90*,
1.00, 0.97, 1.00] in Fig. 8c. The absorbed load currents
could be computed using Eq. 20, as [I2, I3, I4, I5, I6,
I7]=[1.0809*, 1.0457*, 1.0457*, 0.9525, 0.9718, 0.9432]
per unit value, during peak hours. Thus, the power electronic
loads, 1# to 3#, were required to regulate by the DC-DC
boost converters (24VDC/48VDC). The regulated values of
duty ratios were estimated using Eq. 24, as [�D−

2 , �D−
3 ,

�D−
4 , �D−

5 , �D−
6 ]=[0.0524*, 0.0417*, 0.0417*, 0.0000,

0.0051]. In this study, no critical loads needed to switch
off when the voltage sagged during the heavy load. Voltage
dependent DR was used to directly control the loads and
to change the absorbed currents to each power electronic
load using the boost converters. After the direct load control
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Fig. 6 The flow chart of voltage dependent DR for electronic loads

process, the load voltage levels could be raised the specified
range, >0.95 pu, using the PID controller. Then, the internal
load impedance of loads, 1# to 3#, increased to reduce the
absorbed currents of loads, as seen in Fig. 8b and c. The
final duty ratios of loads, 1# to 3#, were 0.5524, 0.5417, and
0.5417, respectively.

When a DC microgrid operated in a stand-alone mode,
DG sources could completely supply local loads without
main grid connection. However, renewable energy sources
were variable because of environmental conditions. Hence,
energy storage devices were used to provide backup
capacity for the microgrid and to enhance the system
stability and reliability. When DG resources was greater
than the local load demand, extra energy would charged
into batteries. In the other hand, when DG resources were
less than load demand, then energy storage would be
discharged. Then, the proposed virtual internal impedance
screening model acted to identify the heavy loads. The PID
controllers also acted to modify the absorbed currents from
the DG sources, or non-priority load (such as Load 6#)
needed be disconnected to keep the power supply continued
for controllable power electronic loads. The feasibility of
virtual internal impedance screening was validated through
simulation tests.

Fig. 7 The experimental results
for MPPT. a The results of PV
array power versus PV array
voltage (P-V), b The results of
PV array current versus PV array
voltage (I-V), c The results of
duty ratio versus switch number
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distributions, c Estimated internal impedances

The Results of Voltage Dependent DRs for Electronic
Loads

According to the changes in the virtual internal load
impedances, power electronic loads 1# to 3# had large
deviations to regulate the duty ratios of boost converters.
The procedure of DR for the power electronic loads was

Step 1) estimate the deviations in duty ratio using the
Eq. 24,

Step 2) compute the desired duty ratio using the Eq. 26,
Step 3) regulate the duty ratio using the PID controllers

using Eq. 29. Simulation results are in Fig. 9a.

Therefore, the desired duty ratios of loads, 1# to 3#,
can be determined using Eq. 26, as 0.5524, 0.5417, and
0.5417, respectively. In this study, PID and PI controllers
with different control parameters were employed to regulate
the duty ratios of the boost converters at busses, 2# to 4#, as
shown in Fig. 9b. For example, DR program for electronic
load 1#, the duty ratio regulation was used to step-up load
voltages from 0.5000 (rated load voltage: 24VDC / 48VDC)
to the desired duty ratio, 0.5524. The load voltage, 2#, could
be modified within the critical range, 0.95-1.05, in per-unit
value. Without selecting suitable control parameters, it can
be seen that the overshoot maximum percentage, 5.02%, is
within the PI control response (KP = 0.50, KI = 0.60 −
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Fig. 9 The simulation results of
voltage dependent DR. a
Electronic load DRs; b Regulate
the duty ratio using the PI
controllers without the suitable
control parameters; c Regulate
the duty ratio using the PI
controllers with the suitable
control parameters
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−1.20, KD = 0.00), Fig. 9b. In addition, the PID controller
without selecting the suitable parameters has also larger
overshoot (>3.10%) and oscillation responses, resulting
in increase the setting time (>1.00 sec) to achieve the
steady-state value. As seen in Table 1, the Ziegler–Nicholas-
based tuning rule is used to tune the control parameters,
and then the suitable control parameters can minimize
the overshoot (<1.6%), improve transient responses, and
decrease steady-state errors to meet the desired operating
point. For example, given the same initial conditions, the PI
controller with control parameters, KP = 0.50, KI = 0.20
– 0.40, KD = 0.00, decrease the overshoot, steady-state
error, and settling time to <1.00 sec for reaching the
steady-state value. It requires <25 switching cycles to reach
the desired target and to achieve a 0.00% of steady-state
error. Therefore, PI controller with suitable parameters can
improve the transient responses and degrade the transient-
state currents injection into the power electronic load. In
addition, the transient larger currents surging into the DC–
DC converter during the transition power switching can also

be avoided. The internal load impedance can be modified
to improve the load voltage within the critical range of
0.95 pu and 1.05 pu. As seen in Fig. 8a, after performing
the direct load control for DR, overall bus voltages can be
maintained in the specific normal range. The advantages of
the proposed methods are summarized:

• the virtual internal load impedance can be estimated by
off-line analysis using the DC power flow, and on-line
analysis using the measurement data from smart meters
in an AMI environment,

• the control parameters of the PID or PI controller can
be easily determined with the Ziegler–Nicholas-based
tuning rule,

• the exact load voltages can be accurately regulated in
the specific range at both the power source and load
sides.

We provide a promising method for changing the internal
impedance of power electronic loads, then controlling the
power flow from the DC power source to each load in the
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DR strategy. The feasibility of the proposed methods has
been validated.

Conclusion

Voltage dependent DR with a virtual internal impedance
model and a PID Controller was established in a DC
microgrid. A virtual impedance model was used to estimate
the internal impedance changes in power electronic loads.
According to the internal impedance changes, the desired
duty ratio could be determined. Based on direct load control,
the PID or PI controller regulated the boost converter to
change the internal impedances, and reduced the heavy
loads with the voltage-mode boost converter operating in
continuous conduction mode. Through the boost converter,
the absorbed currents could be regulated from the DG
source to each load side during peak hours. Hence,
bus voltages, line voltage drops, and power losses were
improved. For a DC microgrid, simulation results showed
the feasibility of the proposed procedure for a DR program.
In this study, DC power flow analysis was used to validate
the results: (1) virtual impedance screening and (2) voltage
dependent DRs for power electronic loads.

The simulation results confirmed that the proposed
methods can be extended to a real smart microgrid. They
ensure stable operation, keeping the bus voltages and
power flow running flexibly within the limits for energy
management applications. Under an AMI environment,
the proposed methods could be further embedded into
the existing MDM system, which gather voltage, current,
and power from the whole DC microgrid. Metering
data and bidirectional communication support the on-line
applications in small- or large-scale microgrids. Thus,
the proposed virtual impedance screening model has the
capability to estimate the changes in internal impedances
and duty ratios. Based on direct load control, the tuned
PID controller can rapidly regulate the absorbed currents. In
addition, the proposed methods can be easily implemented
in an embedded system, a pc-based monitor, or an intelligent
/ a smart meter. Based on cloud computing, the wire
/ wireless communication technique is used to connect
a network including one or more meters and a MDM
system, which transmits metering data for identifying the
heavy loads. Based on direct load control mode, the
proposed methods and cloud computing can be integrated
to control the heavy loads to keep the power supply
continued for controllable loads during peak hours. With
its feasibility evaluations, this technology support indicates
that the proposed models can be easily implemented with
inexpensive software and an embedded design device.
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