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This article proposes a distributed secondary control scheme based on the
voltage-shifting method for standalone direct current (DC) microgrids to
enforce proportional power-sharing under the imbalance of the feeder line
impedances and compensate for the DC bus voltage error caused by the
droop control. Secondary control will be implemented on local controllers to

increase reliability. A low-bandwidth communication network will also be
needed to exchange converters’ information. Using information from the
communication network, the reference voltage for the primary control will
be adjusted to compensate for the droop control and line impedance
influences. The appropriate voltage shifting terms will be determined by the
delta iteration method. The proposed control will be evaluated with
simulations using PLECS software.
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1. INTRODUCTION

The demand for electrical power has and will continue to increase as humanity grows in population
and technological advancement. Thus, the requirement for power systems’ reliability also increases [1]-[3].
Besides, the depletion of fossil fuel sources and their environmental concerns are forcing the energy industry
to take a shift toward more sustainable renewable energy sources (RES). However, integrating Renewable
Energy Sources into the utility grid is not as straightforward as it would seem. Due to the nature of RES,
control and planning for the power system are difficult [1], [3]. In power generation methods involving
synchronous generators, their transient characteristic and stability are dictated by the inertia constant [4].
However, RES are interfaced using power electronic devices, so RES either: i) are inertia-free and ii) have
their inertia heavily influenced by the chosen control strategy. Either way, this causes the equivalent inertia
of the system to be convoluted and difficult to evaluate, so RES integration needs proper planning [3], [4].
While RES has certain restrictions on location, they can be located near the consumer due to their low
pollution regarding noise, exhaust, and safety concerns, making RES suitable for distributed generation (DG)
plans to increase reliability and reduce transmission losses [5]-[7]. The increase in requirement for power
systems, and the increase in RES’ penetration has introduced the concept of microgrids.

The premise of a microgrid is a self-contained power distribution system with a defined boundary,
consisting of local power generation sources, energy storage systems (ESS), and local loads [1]-[3].
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A microgrid can be varied in scale, ranging from a single building to a residential area [8], [9]. Figure 1
illustrates the configuration of a direct current (DC) microgrid, showcasing the interconnectedness of local
power generation sources, energy storage systems, and loads sharing a common DC bus. By having its own
generators and storage, a microgrid is capable of operating both with and without connecting to the utility
grid, thus increasing flexibility and reliability. Moreover, this also solves the problem of high-RES
integration [3]. Based on their form of power transmission, microgrids are classified into alternating current
(AC), DC, and hybrid microgrids.
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Figure 1. Structure of a DC microgrid

DC microgrids, which were made possible by the advancement in the field of power electronics in
recent decades [1], [3], have some key advantages [9]. Transmitting DC power means less power losses and
simpler control [10]-[13]. DC microgrids also theoretically reduce the converter stages needed since a large
portion of electrical devices need AC-DC adapters to operate [3]. Also, power storage systems need DC input
[14], [15] and popular RES exhibit DC output. A simple structure for a DC microgrid and its key components
is shown in First is the bidirectional converter (BiC) for connecting the microgrid to the utility grid. Second
is the main bus for linking the microgrid’s converters. Depending on the scale and the requirement, more
buses may be employed. Third are converters for interfacing the DC bus with generators, storage, and loads.
Finally, a communication network for monitoring and controlling the microgrid.

A multi-layer hierarchical control structure is usually employed for controlling the microgrid [1],
[16]-[20]. The primary control layer is for controlling the converters. At this layer, the droop control method
is usually implemented due to its decent performance and simplicity. However, its performance will suffer
greatly if line impedances are imbalanced [20]-[23]. The secondary control layer is for compensating errors
caused by the primary layer and achieving other control objectives [13], [24]. In this case, those objectives
are DC bus restoration and proportional power sharing. The secondary control can either adjust the primary
control’s reference value or the droop control coefficient to achieve these goals. There are restrictions on
modifying the droop control coefficients since they heavily influence the system’s transient response. As for
the reference value modifying method, or the voltage shifting method in this case, such restriction is virtually
non-existent because the reference value has minimal impact on the model of the system [23]-[26].
Therefore, voltage-shifting is a safe approach to the standalone DC microgrid problems. The implementation
of the secondary control can be either distributed or centralized but the distributed implementation is often
more favorable. Centralized control, as its name implies, needs a central controller. This central controller
will compute voltage-shifting terms and then send them back to the corresponding primary controller. Having
the whole system rely on a single central controller reduces its reliability because if that controller fails, the
entire system will fail.

To avoid this shortcoming, multiple controllers are used. For the distributed control, the secondary
controller will be implemented on each converter. Each converter is controlled by a distributed controller,
consisting of the primary controller and its corresponding secondary controller, which will control the
converter and compute its voltage-shifting term, increasing the system’s reliability. This article proposed a
distributed secondary control based on the voltage-shifting method for standalone DC microgrids to restore the
DC bus voltage and maintain the proportional power-sharing under feeder lines impedance imbalance. This
article is outlined as follows. Section 2 presents the problems mentioned. Section 3 presents the proposed
control. Section 4 conducts a small-signal analysis for the proposed control. Section 5 presents the simulation
results. Section 6 will conclude this article.
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2. ANALYSIS OF THE DROOP CONTROL METHOD IN STANDALONE DC MICROGRID

Figure 2(a) presents the simplified model of a standalone DC microgrid with two generation units.
Converters are represented as ideal voltage sources. The droop control method is applied by adjusting the
converters’ reference voltage according to their output current values. The characteristic lines of the applied
droop control are represented in Figure 2(b). In Figures 2(a) and (b), V" is the DC bus reference voltage and
R, is the load, while V31, Vy5, Vo1, Vo2, o1, o2, T1s T2 Ra1, Raz @re the converters® nominal voltage, output
voltage, output current, line impedance, and droop control coefficient of the converters, respectively. The
expression for the output voltage and output current of the converters is obtained as (1)-(3):

—_J* — 17* .
Vo1 = Vo1 =V — i61Ra1

Vor = Voo =V, — ig2Ra2 (1)
i, = V,;(RRZHZ) 2
. _ Vo(Rq1+711)

lo2 = Req

Req = Rug(Rgy + 11+ Rgp +12) + (Rgy + 1) (Rgz +12) ®)

The output powers are expressed as (4):

V2 Rz +72) Ve Rag+r)]?
Py = — 5% RZ; 2 —Rpy [—0 Ru: : ] 4)

%2 " 2
P = Vo (Rq1+11) R Vo (Rq1+71)
[ daz R
eq

2 =
Req

The ratio of the output powers is (5):

Po1 _ Req(Raz+72)—Ra1(Raz+72)?
Po2  Req(Ra1+71)—Raz(Ray+71)?

(®)

If the line impedances are insignificant to the droop control coefficients, (5) can be approximated to as (6):

Po1 Requz—Rd1Rd22 _ RdZ(Req_Rledz) _ Rgz (6)
Po2 RequerszZ Ra1(Reqg—Ra1Rda2) Rax

In certain situations, the traditional droop control method can offer good power-sharing
performance. However, this performance is not holding up very well as line impedances are often unknown
so the droop control coefficients are difficult to choose correctly to negate the line impedances. Another point
to make is the droop control coefficients’ value has limits, as those coefficients could hamper the system’s
response, and since there is no voltage shifting, the DC bus voltage is guaranteed to be lower than its
reference value. To compensate for the voltage, drop on the DC bus, a shifting term can be added to the
primary control’s reference. With voltage shifting terms applied, the converters’ output voltage is (7):

Vor =V, + 6V —ig1 R4y
Vo = Vo' + 6V, —i2Ra (7

In which &V;,8V, are the voltage-shifting terms applied to the respective converters. The
converters’ output powers are (8):

* * * 2
P = (Vg +6V1)2(Rap+72)+Ryuc (V3 +8V1) (8V1—58V3) R (V5 +8V1)(Ra2+72)+R G (6V1—8V3) 8
01 = —Ray (8)
Req Req
* * * 2
P = (Vg +6V2)2(Rg1+71)+Ruc (Vo +8V2) (8V2—8V4) R [(Vo+5Vz)(Rd1+7”1)+RuG(5V2—5V1)
02 — - Ndz
Req Req
The output power ratio is rewritten as (9):
Po1 _ ag8Vi%+a18Vi+a8Vi8Va+azdVa+asdVa’+as )
Py2 - b05V12+b15V1+b2(SV16V2+b36V2+b45V22+b5

Distributed secondary control for proportional power sharing and ... (Phan-Thanh Nguyen)



754 a ISSN: 1693-6930

In which:

ag = [Req —Rg1(Raz + Tz)](Rdz + 1) + RygReq — RleuGZ

a; = 2]/0*[Req —R41(Rgz + rz)](Raz + 1) + RugRegVo'

a; = —RygReq + ZRle/,LGZ; as = —RycReqVo 5 as = _RleuGZ; as = [Req — Ra1(Rgz +
)Rz + 1)V,

bO = _RdzRuGZ: bl = _RuGRqu;)*: b2 = _R,uGReq + 2R¢12R,u(}2

by = ZVO*[Req —Rg(Rgr + 7’1)](Rd1 +71) + RugRegVo'

b, = £Req — Rga(Ra1 + 7'1)](Ra1 + 1) + RyReq — RdzRuczi by = [Req — Rgz(Ra1 + 7'1)](Rd1 +
Vo

From the expression obtained in (9), it can be inferred that the output power ratio can be controlled by
applying appropriate voltage shifting terms.

Figure 2. DC microgrid simplified model and the droop characteristic; (a) simplified model and (b) output
current—reference voltage droop characteristic

3. PROPOSED CONTROL ALGORITHM
3.1. Proposed secondary control

Figures 3(a) and (b) present the proposed control diagram and proposed flowchart, respectively. The
proposed distributed control’s objective is to ensure proportional power sharing under line impedance
imbalance and compensate for the voltage drop on the DC bus caused by the droop control method. To
achieve these goals, distributed controllers need to i) receive DC bus voltage readings and ii) exchange
information with neighboring converters. The exchanging information is defined as (10):

pP.U; = 2o (10)

PRi

In which P.U; is the output power per unit and Pg;is the maximum output power of the ith
converter. The secondary control runs at a lower rate compared to the primary control due to communication.
At the start of each secondary control cycle, the distributed controller broadcasts its information on the
communication network and receives other converters’ information. Based on the information received, the
number of neighboring converters is determined. While it can be predetermined, due to the delay and the
possibility of communication failure, the number of neighbors should be dynamically determined for each
control cycle. After determining the number of neighbors N, the distributed controller will calculate the

average output power per unit P. U of its cluster as (11):

N PU;

PU =31, 2 (12)
The voltage shifting term is then determined through the delta iteration method as (12)-(14):
8V = 8Vapi + 6Vay; (12)
* * i(k)
8Vapi (k) = SVpille = 1) +T [15" =V 22 (13)
8Vavi(k) = 8Vayi(k = 1) + T[Vy' = Ve (k)] (14)
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Figure 3. Proposed control diagram and flowchart; (a) diagram and (b) flowchart

3.2. Design of the primary control

In this article, the buck converters are used. For the primary control, the cascaded proportional
integral (PI) control structure with droop control is implemented for better transient [27], [28]. This control
structure employs two Pl compensators in series. The outer controller is the voltage controller and the inner
controller is the current controller. The voltage controller is described as (15):

Kvi *
Ipires = (KPVL' + %) Voi — voi) (15)

In which I,;,..; is the reference for the inductor current of the ith converter and Kpy;, Kjy; are voltage
controller parameters of the ith converter. The current controller is described as (16):

d; = (KPCL' + %) (Lirer — Ii) (16)

In which d;is the duty cycle for the ith converter and Kpc;, K¢, I; are the current controller
parameters and inductor current of the ith converter. VVoltage controller and current controller parameters are
chosen based on the analysis conducted in [27]. The voltage controller’s parameters are chosen as (17):

1
Kpy =+
1

KIV - R2C (17)

In which Ris the load and C is the output capacitor. The current controller is designed as (18) and (19):

1

Wn = RC (18)
2NwpL

KPI = ;:)L (19)
N2w3L

Ky = ;UL

In which w, is the voltage loop undamped natural frequency, V; is the voltage supply to the
converter, L is the converter’s inductor. For the cascade control, the inner loop has to be N times dynamically
faster than the outer loop. In the case of the Buck converter, the current loop needs to be at least four times
faster than the voltage loop [27]. In DC microgrids, the load varies so to prevent overdamping the voltage
loop, the highest output current will be considered when calculating parameters. The highest output current
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expected for each converter also varies based on their rated output power. Thus, each converter may have a
different set of controller parameters while being physically identical.

4.  SMALL-SIGNAL ANALYSIS
The output voltages in Figure 2 can also be expressed as (20):

b =[" &0 . r +MZM 2] (20)
The output current is (21):
. RuG+12 -Rug
o)l - [ e oy @
rar1+11RuG+12RuG  ToT1+T1RuGH 2R G
The delta iteration in (13) and (14) can be rewritten in the form of the output u and the error e as (22):
u(k) =ulk — 1) + Te(k) (22)
Or:
G () = 22 (23)

With G, being the continuous representation of the delta iteration implemented as the secondary
control, T is sampling time. Figure 4 presents the control diagram for converter 1 in a system of two
converters. Since the current loop’s dynamic is significantly faster than the voltage loop, the current loop is
represented as a first-order process to simplify the small-signal analysis [25], [29]. Assuming the primary
control takes much less time to settle compared to the secondary control interval, the converters are now
equal to voltage sources from the secondary control perspective. Converter 1 closed-loop transfer function
can be represented as (24):

GpIG
Gro1 = o (24)

1+GpiGc

With Gy,, being the converter close-loop transfer function, Gp; is the voltage loop’s compensator
and G.is the current closed-loop transfer function. From Figure 2, the DC bus voltage can be expressed
as (25):

VuG = Vo1 — lo1"1
= Vo1 — A11V0171 T A12V001 (25)

According to Figure 4, the voltage-shifting term for converter 1 can be expressed as (26):
8V = (V5 = €4V, )Gier + (Vo' = Vi gt e ™% Gy (26)

Substituting (25) into (26) yields as (27):

2V4P.U;
P.UL+P.U,

8Vy = Gy (ZVO* - e_tds) - Uo1Gitre_tds(1 —ay ) — UozGitra12T1e_tds (27)

The nominal reference voltage for converter 1 is (28):

01(2) =V, + 6V, — iolGLPtFRdl
N N 2P.Ujetds _
= [Vz) + GV, (2 - m)] = Vo1[Giere tas(1 —ayymy) + 11GrprRa1] + Vo212 (GrprRa1 —

Gierrie ~tas) (28)
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With G, pr(s) = % From Figure 4, the output voltage of converter 1 as (29):

. o, _2PUje”tas —tgs
Vot+GitrVo\ 2= w0, +v02(@12GLPFRA1 ~Gitr12T18” 4%)|Gyos

Vo1(2) = 1+[Gyre a5 (1-a11m1)+@116LPFRA1GVo1 (29)
Linearizing (29) to obtain the small-signal transfer function from nominal voltage to output voltage of
converter 1 as (30):

— [Vg+GitrV;(2_29_tdS)]GV01

Do1
= =
1+[Giere "t (1—ay171)+a11GLPFRA1 GV o1

. (30)
0 1Dop=

Figure 4. Control diagram for converter 1 in a system of two converters

Small-signal model is analyzed by varying important parameters such as load resistance, line
impedance, droop coefficient, and communication delay of converter 1 to observe the poles’ movement. The
load R,,; were varied from 5 Q to 100 Q. Line impedance r; were varied from 0.05 Q to 3.0 Q. The droop
coefficient was varied from 0.5 Q to 3.5 Q. Communication delay t, is varied from 1 ms to 1000 ms.
coefficient R;;, were varied from 0.5 Q to 3.5 Q. When a parameter is being varied, others are kept at values
described in Table 1.

Figures 5(a) and (b) display the pole maps of the results when increasing communication delay and
droop coefficient, respectively. Similarly, Figures 5(c) and (d) llustrate the pole maps when increasing line
impedance and load resistance, respectively. The poles of the small signal model are influenced by variations
in parameters such as communication delay, droop coefficient, line impedance, and load resistance. However,
within the range of values examined in this article, no small-signal instability is detected. Notably, the
communication delay is more associated with complex poles than other parameters. When increasing the
time delay, the poles’ imaginary part also increases initially, but it seems that when passing a certain
threshold, the imaginary part starts to decrease. While the communication time delay did affect the secondary
control natural frequency, which dictates how much the system oscillates before it settles, it will not
destabilize the system as the poles are still on the left-hand side of the s-plane.

Increasing the droop coefficient and line impedance have similar effects, as the poles tend to move
toward the right-hand side of the s-plane, reducing the system damping, and thus increasing the settling time.
As for load resistance, when increases, which means load power decreases, poles tend to move to the left,
making the system settle faster. However, while the poles did move under the variation of load, it is just
slightly noticeable, suggesting that changing the load has little impact on the system’s dynamic. Figure 6
presents the control diagram for converter 1 in a system of N converters. Consider Figure 2 with N converters
and expand (21):

RHG + T'1 R[LG A RHG iOl ’[701
R Ry.+r, - R 1 1%
Rlli] = [v] | w¢ Twe ™ 70 e fle) o T (31)
R/LG R/LG RuG + ryllion Von

Output currents now related to output voltage as (32):
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lio] = [R]7 [wo] = [a][v,] (32)

As inferred from Figure 6 and (31), changing the number of converters is changing how the output
voltages relate to output currents. Thus, the change in converter number mostly affects the coefficient a4, in
(30). Therefore, this change should have similar effects compared to when the load, line impedances, or
droop coefficients are being varied.

Table 1. Small-signal analysis parameter

Item Symbol Value
Voltage reference A 48V
Line impedance T, T 03,0.8Q
Droop coefficient Ryy 1.0Q
Load R; 10Q
LPF cut-off frequency fe 1000 Hz
Communication delay ty 1ms

0.2 T T T T T T T T T = T T T T
T 0 0.05- 1
L —_—
by |
I e Bersnesnens Borenns S S T JTPINY 0 5 - 0 i G
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Figure 5. Close-loop system poles movement when increase; (a) communication delay, (b) droop coefficient,
(c) line impedance, and (d) load resistance

Figure 6. Control diagram for converter 1 in a generalized system with N converters
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5.  SIMULATION RESULTS

Table 2 presents the parameters which will be used in the simulated model described in Figure 7.
The model consists of three converters with different rated power and three loads, two of which are
detachable. The primary controllers are designed based on the expectation that each converter’s output power
is 300 W or below. The simulation starts with only load 1 and droop control. Simulation results are present
from t=6 s to t=120 s.

Table 2. Simulation parameters

Iltem Symbol Value
Voltage reference A 48V
Rated power Pr1, Pr2s Prs 200 W, 250 W, 300 W
Line impedance T, 15,13 0.2,04,0.5Q
Droop resistance Ry1, R4z, Rus 1.0,1.0,1.0Q
Load Ry, Ry, R; 150Q,200,25Q
Voltage Pl compensator PI controller k, = 16.6,k; = 0.125
Current Pl compensator PI controller k,= 11.7,k; = 7780
Switching frequency fow 20 kHz
Secondary sampling T 1ms
Communication period ty 1ms

LBC Network

Figure 7. Simulated model

Figure 8 presents the simulation result from t=6 s to t=56 s, which showcases the limit of traditional
droop control and the initialization of the proposed secondary control as well as the proposed control
response to load changes. From t=6 s to t=10 s, secondary control is disabled and the line impedances are
severely imbalanced. Thus, the traditional droop control is unable to maintain the output-power ratio. At t=20
s, the droop coefficients are increased to (7.6:6.0:5.0) to mitigate the effect of line impedances. This set of
droop coefficients is chosen based on (6) and converters’ rated output in Table 2. While the output power is
proportionally shared (0.217, 0.213, and 0.206 p.u), the DC bus voltage drop is further worsened. At t=20 s
the droop control coefficients are reverted to the default value. At t=30 s, the secondary control is enabled
and starts to compute voltage shifting terms. The DC bus voltage returns to its nominal value after 3 s.
Proportional power sharing is achieved after 0.5 s and settles at 0.31 p.u. At t=40 s, the second load is
connected and the third load is connected at t=50 s. The DC bus experienced minor voltage drops when a
new load was connected but was able to maintain at nominal value. Proportional power sharing is achieved
after 0.6 s and 0.7 s at 0.496 p.u and 0.598 p.u.

Figure 9 presents the simulation result from t=56 s to t=120 s, which simulate the communication
failure and line failure on converter 2. At t=60 s, the second converter has a communication failure. This
means only the first and the third converter will have their voltage shifting terms updated while the second
converter will continue to operate with its previously calculated voltage shifting term. Although the
communication failure occurred, due to the system already settled when the failure happened, no observable
change was detected. At t=70 s, the third load is disconnected. The voltage shifting terms of the first and the
third converter are updated and their output power per unit converged after 0.25 s and settled at 0.423 p.u
while the second converter’s output remains unchanged. At t=80 s, the second converter’s communication is
restored. The DC bus voltage has no significant change and the output power per unit converged after 0.7 s
and then settled at 0.469 p.u. At t=90 s, line failure occurred at the second converter. The DC bus suffered a
voltage drop but recovered after 2.8 s. Much similar to the communication failure, only the first and the third
converter are considered for secondary control. Output power is proportionally shared after 0.3 s and settled
at 0.646 p.u. At t=100 s, the second load is detached. The DC bus voltage has a voltage spike but can recover

Distributed secondary control for proportional power sharing and ... (Phan-Thanh Nguyen)
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after 4.6 s. Proportional power sharing is attained after 0.2 s at 0.426 p.u. It can be seen that changing the
number of converters did affect the system’s response as the DC bus voltage took much longer to settle. At
t=110 s, the second converter is connected. The DC bus recovered from the voltage drop after 4.6 s and

proportional power sharing is achieved after 0.6 s at 0.31 p.u.
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Figure 9. Simulation result from t=56 s to t=120 s
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6. CONCLUSION

This article proposes a distributed secondary control scheme based on the voltage-shifting method
for standalone DC microgrids to ensure proportional power-sharing under the imbalance of the feeder line
impedances and compensate for the DC bus voltage deviation caused by the droop control. The secondary
control is implemented using the delta iteration method to determine the appropriate voltage shifting terms
based on the information received from the communication network. Small-signal analysis is conducted for
the proposed control to evaluate its response to the variation of operating conditions. It is deducted from the
small-signal analysis that while the system settling time is affected by the time delay, it will not be
destabilized regardless of the time delay. The proposed control is evaluated using a PLECS simulation
model. The proposed control proved its effectiveness over the traditional droop control under the line
impedance imbalance. The proposed control is also tested in possible operating conditions such as load
changes, communication failure, and converter connects/disconnects.
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