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Coordinated Droop Control for Stand-alone DC Micro-grid
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Abstract — This paper introduces a coordinated droop control for the stand-alone DC micro-grid,
which is composed of photo-voltaic generator, wind power generator, engine generator, and battery
storage with SOC (state of charge) management system. The operation of stand-alone DC micro-grid
with the coordinated droop control was analyzed with computer simulation. Based on simulation
results, a hardware simulator was built and tested to analyze the performance of proposed system. The
developed simulation model and hardware simulator can be utilized to design the actual stand-alone
DC micro-grid and to analyze its performance. The coordinated droop control can improve the
reliability and efficiency of the stand-alone DC micro-grid

Keywords: Stand-alone DC micro-grid, Autonomous control, Droop control, PV (photo-voltaic)
generator, WP (wind power) generator, BES (battery energy storage), SOC (state of charge), MPPT

(maximum power point tracking)

1. Introduction

Stand-alone micro-grid is a small power grid without
any connection with the utility AC grid. It is only
composed of renewable power sources, engine generator,
BES (battery energy storage), and load. Stand-alone micro-
grid can be implemented with AC backbone network or DC
backbone network.

Stand-alone AC micro-grid has inherent disadvantages
related to synchronization, stability, and reactive power.
However, stand-alone DC micro-grid does not have these
disadvantages. It has relatively lower loss and cost due to
the direct connection through one-stage power conversion.
Stand-alone DC micro-grid can directly supply power to
the digital loads, such as computers, communication
devices, and automation devices, which consume DC
power internally [1-3].

The control method for stand-alone DC micro-grid is
divided into two groups. One is a real-time direct control
according to the operation mode, in which the generated,
stored, and consumed power are measured and transmitted
to the main controller through high-speed communication
link [4-6]. This method can offer highly safe operation for
the micro-grid if a fast data transmission between the main
controller and the local controllers is possible.

Another method is an autonomous control without
communication link, in which the converter output
voltage is regulated using droop control [7-10]. This
method improves the performance degradation due to the
circulating current among the connected converters.

T

*

Corresponding Author: Dept. of Electrical and Electronic Engi-
neering, Myongji University, Korea. (erichan@mju.ac.kr)

Dept. of Electrical and Electronic Engineering, Myongji University,
Korea. (Inverter1112@naver.com)

Received: November 7, 2013; Accepted: March 7, 2014

1072

However, it brings about rather high transients and slow
dynamic response in regulation process.

This paper introduces a coordinated droop control for
stand-alone DC micro-grid, which can improve these weak
points. The operation of stand-alone DC micro-grid with
coordinated droop control was analyzed using simulation
with PSCAD/EMTDC [11, 12]. Based on simulation
results, a hardware simulator was built and tested to verify
the performance of stand-alone DC micro-grid.

2. Stand-alone DC Micro-grid

Fig. 1 shows the configuration of stand-alone DC micro-
grid, which is composed of uncontrollable power sources
like a WP (wind power) generator and PV (photo-voltaic)
generator, controllable power source like an engine
generator and BES (battery energy storage), and load. It
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also has a monitoring system to supervise whole system
operation through communication link. Each converter has
a local controller to manage the operation of each source,
BES, and load.

WP generator has a 3-phase AC-DC converter to convert
the 3-phase AC power into the DC power. Particularly, the
AC-DC converter for WP generator includes a control
scheme for MPPT (maximum power point tracking). PV
generator has an interleaved DC-DC converter to convert
the variable DC voltage into the regulated DC voltage.

It also has a control scheme for MPPT. BES has a
bidirectional interleaved DC-DC converter to step down
the DC grid voltage for charging or step up the battery
voltage for discharging. Engine generator and AC load are
connected to the DC grid through the DC-AC converter.
And the DC load is connected to the DC grid directly or
through another DC-DC converter.

3. System Operation and Control
3.1 Circulating current suppression

The stand-alone DC micro-grid described in this paper
does not use communication link for control purpose, but it
uses communication link for monitoring purpose in
autonomous control. When the autonomous control is
applied for power balancing, circulating current occurs at
each converter due to sensor error, control error, and line
voltage drop. The circulating current between each
converter is directly related to the system loss. So, special
scheme to suppress the circulating current is required.

The BES has a DC voltage control which is shown in
Fig. 2. If error occurs in the voltage controller, circulating
current flows. One scheme to suppress this circulating
current is to insert a resistance between the DC grid and the
converter. But this scheme is not practically reasonable in
the point of loss, cost, and size.

In this paper a feedback loop was added to adjust the
droop voltage, in which the DC current Iggs our is
measured and multiplied by the virtual resistance Ry to
reduce the reference DC droop voltage.
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Therefore, the reference DC voltage can be adjusted by
this feedback loop without inserting resistance.

The virtual resistance can be derived considering the
tolerable voltage variation as the following equation.

— AV XVinin
k% Prate

Ry 2

Where, the V;, is the minimum DC grid voltage and the
Prac 18 the rated converter capacity.

3.2 Coordinated droop control

Fig. 3 shows an operation scheme for the proposed
coordinated droop control method for the controller of BES.
The droop curve is divided into three regions according to
the DC grid voltage and the battery SOC. The slope of
droop curve in region A and B are same and the slope of
droop curve in region C is deferent from that of droop
curve in region A and B. So, the virtual resistance is also
different, which produces the reference value of droop
voltage using Eq. (1).

Region A is located in the DC grid voltage with
tolerance of +3 ~+5% or -3% ~ -5%. In this region the
battery operates at 100% rated power. The virtual
resistance at this region is obtained from Eq. (3). At over
+3% zone the engine generator reduces the output power to
handle the surplus power in the DC grid. At under -3%
zone the engine generator increases the output power to
handle the deficient power in the DC grid.

Region B is located in the DC grid voltage with
tolerance of -3~+3%. In this region the battery operates at
70% of rated power. The virtual resistance at this region is
obtained from Eq. (3).

Region C is defined as a protection zone for over charge
and over discharge. In this region, the converter reduces
the charging or discharging power immediately to protect
the battery. The handling power is about 10% rated power
and the virtual resistance at this region is obtained from

Eq. (4).
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Fig. 3. Coordinated droop control for BES



Coordinated Droop Control for Stand-alone DC Micro-grid

AVye =20V ](5%) Ve min =380[V]

AV,. xV .
Pags =5.0[KW ], Rggg =— =% _1 5737Q)] 3)
BES
AVge =201V 1(5%), Ve _min =380[V]
AV, XV . 4
Pags =1.0[kW ], Rggs =— %1 _7 6] “)

I:)BES
3.3 EG operation scheme

The EG operation scheme is described in Fig. 4, in
which the EG output power is autonomously controlled
according to the voltage variation of DC grid. If the output
power of PV and WP is smaller than the power demand in
load, the BES discharges power to maintain the power
balance in the DC grid.

If the discharged energy increases and the voltage
variation decreases down lower than -3%, the EG output
power is repeatedly raised by AP to maintain the voltage
variation at -3%. When the grid voltage variation is larger
than +3%, the EG output power is repeatedly decreased by
AP to maintain the voltage variation at +3%. So, the EG
output power is autonomously controlled for effective
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energy management without predicting the load pattern.

3.4 PV and WP operation scheme

Since the output power of PV or WP changes
continuously according to the weather condition, PV or WP
operates in MPPT mode. If the voltage variation of DC
grid overreaches at +5%, it can brings about stability
problem in the DC grid. And it overcharges the BES to
make shortening the battery life.

Therefore, if the DC grid voltage is higher than 420V,
the PV or WP output power is decreased to reduce the DC
grid voltage separately or together. When the DC grid
voltage is located under the rated voltage, it means power
deficiency in the DC grid. In this case, the output power of
PV or WP restart to operates in MPPT mode. So, the output
power of PV and WP is autonomously controlled to make
the power balance at the DC grid.

3.5 BES operation scheme

The operation sequence for BES is shown in Fig. 6.
When the battery SOC is between 20% and 80%, power-
balancing control is selected for droop control. Depending
on the variation of DC grid voltage, region A, B, C are
selected.

If the variation of DC grid voltage is less than -3% or
larger than +3%, the droop control is carried out in region
A. The output power of BES is set at 70%~100% of the
rated power. If the variation of DC grid voltage is located
between -3% and +3%, the droop control is carried out in
region B. The output power of BES is set at 0%~70% of
the rated power. The virtual resistance is determined by
1.52Q.

When the battery SOC is larger than 80% or less than
20%, the DC grid voltage is checked whether it is higher
than 400V or not. If higher, the droop control is carried out
in region C. The output power of BES is at 10% of the
rated power. If not, the charging mode is changed to the
discharging mode or the discharging mode is changed to
the charging mode. The virtual resistance is determined by
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Fig. 6. Operation scheme for BES
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4. Computer Simulation

Fig. 7 shows a structure of converter control in the
stand-alone DC micro-grid. PV controller consists of
current control to implement the MPPT, which is a
nonlinear function of irradiation and temperature. WP
controller also consists of current control to implement the
MPPT, which is achieved by keeping the power coefficient
of blade to have maximum value regardless of varying
wind-speed. WP controller consists of outer speed control
and inner current control. EG (engine generator) operates
to adjust the output power according to the reference value.

EG controller also consists of outer speed control and
inner current control. BES controller consists of current
control and DC voltage control. Depending on the sign of
current value, charging or discharging operation is carried
out [13, 14]. Three kinds of load can be connected to the
DC micro-grid, which are a DC load, 1-phase load, and 3-
phase load.

For the purpose of verifying the coordinated droop
control, various simulations were carried out using the
PSCAD/EMTDC software. The power circuit and the
PWM converter were modeled with the built-in model,
where as the PV and WP generators with controllers are
implemented with a user-defined model coded in C
language.

In order to obtain realistic verification, the simulation
models for PV and WP were developed using the built-in
model and the user-defined model coded with C language.
The voltage and current characteristics of PV were
represented using the PV characteristic equation. And the
voltage and current characteristics of WP were represented
using wind turbine model and synchronous generator
model.

The voltage and current characteristic of lithium
polymer battery were represented using the battery

Three-phase
PWM converter
Three - phase
_ - {ﬁh DC grid PWM converter
AC N
)T L
L PMSG
L PWM L Ly \\‘/ U
Vioad 11 |
Vioa [ Voltage PWM !
Controller " |
1
ConlroHer o o
Three-phase
PWM converter
=1
N
= loat
¥ l al l 3¢ 3 Boost
¥ Converter |
1 Py Vev PV
L Array
Vioad
Vioad* Voltage
Controller
DC
LOAD

Three-phase
PWM cﬂr\verlsr I
IEG

Engine |1
| Generator | |
|
|
I
| |
b
i |
! |
Current i ! i
Controller |

3430 pc-nc
Cunvevter
[induind]

Battery lesy
Energy
Storage)| ‘i:\

Coordinated |«
o

[cor
Current
Controller
BT

Tec- | Controller

Fig. 7. Converter control for stand-alone DC micro-grid

1075

characteristic equation, in which the SOC (state of charge)
is represented using current integration method [10]. The
battery capacity unit is normally represented by Ah
(Ampere-hour).

However, As (Ampere-sec) was used in simulation
because Ah is too large to represent the battery capacity in
the simulation time of a few ten sec. Table 1 shows the
simulation parameter of each component in the stand-alone
DC micro-grid.

Simulation scenario and checking items were prepared
to verify all the operation characteristics of stand-alone DC
micro-grid. Table 2 shows all the checking items in each
section of simulation time which indicates the operation
regions in Fig. 3. Total simulation time is 20s and 11 time
sections are divided to check the operation characteristic.

Fig. 8 shows the simulation results for the coordinated
droop control. The Ist, 2nd, 3rd, 4th, 5th graphs show the
load power, WP power, PV power, EG power, and BES
power respectively. The 6th, 7th, 8th graphs show the DC

Table 1. Simulation parameters of each component in
stand-alone dc micro-grid.

Rated Rated Rated Rated Rated
Engine Power | Voltage | Current | Frequency Velocity
Generator 1714
5[kW] | 200[V] | 15[A] | 400 [Hz] (rpm]
Wind }l}:\:ve;ir Vltjtzge Ciﬁit F refz{;lizgcy VIZIac:z?ty
Power 1800
Generator | 5 (kW] | 220 [V] | 13[A] 60 [Hz] [rpm]
PV Array 1]){03\1/,63, VMPPT IMPPT CPV LPV
5 kW] | 250[V] | 20[A] 270 [uF] 2 [mH]
Lithium- Rated Rated Rated Loar Int'emal
Polymer Power | Voltage | Current Resistance
R [kVSVh] 230[V] [/2:})1] 2 [mH] (E;,Ohorg
Rated Rated Rated Lion Cionn
Load Power | Voltage | Current
GEA) 33 220 [V] | 15[A] 4 [mH] 0 [uF]
(kW]
Table 2. Simulation scenario and checking items.

No. Checking items in simulation Region
1 EG coordinated control (Up to+70% of rated battery) B
2 +100% of rated battery power A
3 Distributed generation production B
4 EG Coordinated Control (Up to -70% of rated battery) B
5 -100% of rated battery power A
6 PV coordinated control (output power reduction ) A
7 PV coordinated control (maximum output power ) A
8 Battery charging mode B
9 Droop curve change (Soc >80%) & C

(Ry:1.52Q —7.62)
10 Wind coordinated control (output power reduction) B
11 Wind coordinated control (maximum output power) B
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grid voltage, virtual resistance, and SOC. It is assumed that
the load power changes from 0 to 10kW, and the PV and
WP powers change from 0 to SkW so that all the operation
regions can be involved.

In section 1, both PV and WP power were set at OkW
and the load power slowly increased up to 8.5kW in
order to make the droop control operates in region B.
The BES primarily supplies the load power of 3.5kW
with 70% portion and the remaining power from 3.5 to
8.5kW is supplied from the EG. Through these graphs the
coordinated control of EG can be verified.

In section 2, the load power increased from 8.5 to 10kW
and the operation region of droop control changed from B
to A. Since the EG already supplies SkW power to the load,
more required power in load should be supplied from the
BES. So, the BES changes the load sharing portion from
70% to 100%.

In section 3 and 4, both PV and WP power were
increased from 0 to 5kW and the load power decreased
from 10 to 6.5kW. The operation mode of BES changes
from discharging to charging. The output power of EG is
reduced from 5 to OkW through coordinated control. The
BES is protected from the over-discharge and the operation
region changes from A to B.

In section 5, the PV and WP power is set at the rated
power and the load power is reduced. So, even though the
EG output power is reduced, the DC grid voltage rises due
to the surplus power in the DC grid. Because of the surplus
power in the DC grid, the sharing portion of BES is
changed from 70% to 100%.

100x.~-OAD_POWERIW]

o 7.5k i

5.0k | !
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In section 6, the load power is decreased down to 2.5kw
and increased up to 8kW. When the DC grid voltage
reaches at 419V, the PV power is removed to suppress the
rise of DC grid voltage.

In section 7, the load power is increased from 8 to 10kW
and the DC grid voltage decreases due to the power
deficiency. When the DC grid voltage reaches at 390V, the
PV power is restarted and the operation region changes
from A to B.

In section 8 and 9, the PV and WP power is larger than
the load power and the BES is slowly charged. When the
SOC of battery reaches at the maximum value of 80%, the
virtual resistance Rv is changed from 1.52Q to 7.6Q. The
operation region changes from B to C and the sharing
portion of BES is changed from 70% to 10%. So, it is
verified that the SOC limit is properly managed.

In section 10 and 11, the power balance can be
maintained by reducing the PV, WP, EG powers and
managing the SOC limit. AS the load power increases, the
WP is restarted when the DC grid voltage reaches at 390V.

Using all the graphs shown in Fig. 8, the checking items
described in Table 2 are verified. It is known that the
coordinated droop control described in this paper works
properly in three operation regions.

5. Integrated Operation Test

Based on simulation results, a hardware simulator for
stand-alone DC micro-grid was built in the lab. Fig. 9
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shows experimental set-up of hardware simulator for
integrated operation test. The hardware simulator consists
of SkW WP simulator, SkW PV simulator, SkW EG, 5kWh
lithium-polymer battery stack with battery management
system, DC micro-grid assembly, PC (personal computer)
for main controller, and variable AC load.

The experimental data of integrated operation test are
displayed on the 16-channel oscilloscope. Each converter
sub-assembly is mounted on the small iron drawer. DC bus
is installed on the back side of DC micro-grid assembly, in
which all the output terminal of DGs, BES, and DC load
are connected together.

The wind power simulator and the PV simulator can
produce arbitrary output power according to the wind
speed and the irradiation. The BES has a BMS (battery
management system) which provides SOC data through
CAN communication. A touch-screen monitor was
mounted in front of the hardware so that all the output
R P Stulator powers from the PV, WP, BES, Load and the operation
state can be monitored. RS-485 communication link was
used for data transmission and gathering.

Fig. 9. Experimental set-up
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Fig. 10 shows the experimental results for the stand-
alone DC micro-grid with applying the coordinated droop
control. The basic assumptions for the experiment are
exactly same as those for simulation. The only difference is
the time scale for experiment. The maximum time scale
used in the experiment is 200s, while the maximum time
scale used in the simulation is 20s. All the measured
graphs have almost identical shapes to those shown in
the simulation. Using all the graphs shown in Fig. 11,
the checking items described in Table 2 are verified
experimentally. It is confirmed that the coordinated droop
control described in this paper works properly in three
operation regions.

Fig. 11(a) shows the measured droop curves for the
voltage and current of DC micro-grid, while Fig. 11(b)
shows the simulated droop curves for the voltage and
current of DC micro-grid. Through these two figures it is
confirmed that the coordinated droop control for the DC
micro-grid operates properly as expected. Therefore, the
coordinated droop control can offer very safe operation of
DC micro-grid without high transients.

6. Conclusion

This paper introduces a new operation method with
coordinated droop control for stand-alone DC micro-grid.
The proposed coordinated droop control can offer
improvement of system reliability and efficiency for the
stand-alone DC micro-grid, which is composed of WP, PV,
EG and BES with SOC (state of charge) management
system. The operation of stand-alone DC micro-grid with
proposed control was analyzed using simulation with
PSCAD/EMTDC.

Based on simulation results, a hardware simulator was
built and tested to analyze the performance of proposed
system. The developed simulation model and hardware
simulator can be utilized to design the actual stand-alone
DC micro-grid and to analyze its performance with
practical manner.
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