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An f-P/Q Droop Control in Cascaded-Type Microgrid

Yao Sun

Abstract—In cascaded-type microgrid, the synchronization and power
balance of distributed generators become two new issues that needs to be
addressed urgently. To that end, an f-P/Q droop control is proposed in this
letter, and its stability is analyzed as well. This proposed droop control
is capable to achieve power balance under both resistive-inductive and
resistive-capacitive loads autonomously. Compared with the inverse power
factor droop control, an obvious advantage consists in extending the scope
of application. Finally, the feasibility of the proposed method is verified by
simulation results.

Index Terms—Cascaded-type microgrid, droop control, power balance.

I. INTRODUCTION

ICROGRID offers an effective solution to reliably integrate
M distributed energy resources [1], which can operate in both
grid-connected and islanded modes. The microgrid can be divided into
two categories by its configuration: paralleled-type and cascaded-type
ones. The former one has been intensively investigated [2]-[5]. The
droop control is widely used to realize power sharing for paralleled-
type microgrid [2], and extended into other applications which include
the state-of-charge (SOC) balance for storage system [3], the optimal
economical-sharing scheme of distributed generators (DGs) [4] and the
droop control with MPPT of PV system [5]. However, the cascaded-
type microgrid is a new one [6]-[10], which has only recently been
presented.

The cascaded converter is originally applied to multilevel invert-
ers [6], and initially extended into microgrid applications [7]-[10]
for attaining higher voltage level and better utilization. Especially for
PV grid-connected application [7] and battery management [8], the
cascaded-type is very practical. In islanded cascaded-type microgrid,
power balance among all modules is essential [9], [10]. An inverse
droop control is firstly proposed to achieve power balance [9], which
could also be used in DC microgrid. While for AC microgrid, an in-
verse power factor droop control is innovatively proposed to achieve
power balance [10]. However, the method in [10] is only applicable to
the cases of the resistive-inductive loads.

To overcome the limitation in [10], this letter proposes an f-P/Q droop
control scheme in the cascaded-type microgrid. Frequency synchro-
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Fig. 1. Structure of islanded cascaded-type microgrid.

nization and power sharing among all DGs are achieved autonomously
under both resistive-inductive and resistive-capacitive loads. The sta-
bility of the proposed scheme is proved theoretically.

II. ANALYSIS OF DECENTRALIZED POWER BALANCE CONTROL

A. Equivalent Models of Islanded Cascaded-Type Microgrid

Fig. 1 shows the diagram of an islanded cascaded-type microgrid.
These DG interfacing inverters are cascaded and supply power for loads
together. The output real power P; and reactive power Q; of the i-th
DG are derived as follows

P+ Qi = Vie!" - (Voeed! " [ | Zigaal €00 )" (1)

where V; and 6; represent the output voltage amplitude and phase angle
of the i-th DG. The ac bus voltage V,,..e rec is the sum of the each
DG voltage.

‘/pccejﬁp('c _ Z Viejﬁf )

i=1

According to (1)—(2), the power transmission characteristics of the
i-th DG are obtained as

n

P=V; Y Vicos (6 — 0; + 610aa)/ | Zioadl 3)
j=1

Qi =Vi Y Vysin(0; —0; + 0i00a)/ | Zioadl )
=1

where 7,4 is the load impedance. The subscript j represents the serial
number of the j-th DG.
B. Proposed f-P/Q Droop Control

To synchronize each DG in the cascaded-type microgrid without
communication, a decentralized control scheme is designed as follow

w =w +m; P /Q; ()
V= v (©)
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where w; and V; are the angular frequency and voltage amplitude
references of the i-th DG, respectively. w* represents value of w at no
load. V* is the nominal voltage value. Note that there is a singularity in
(5) when @; = 0. To avoid the singularity and guarantee a reasonable
frequency deviation, m; is designed as follows.

k’i QIIlill7 |QL| 2 Qmiu
m; = @)
ki ‘Q?' ) |Q1| < Qmin

where Qi is a small positive constant, which is determined by
practical requirements. k; is a positive constant which is equal to
[Awmax /Pl il Awnay is the allowable maximum frequency de-
viation and P} . ; is the nominal rated power of the i-th DG.

For simplicity, we assume that the rated capacities of all DGs are
same in steady state. Because the voltage amplitude references are same
for all DGs and each DG shares the same load current, the apparent

powers of all DGs are equal.

S =8 =---=5, (8)

For the purpose of power balance, letk; = K; ¢ € {1,2...n}.Then
(9) is derived from (5), (7) and (8).

Ph=P=.---=P, )

From aforementioned analysis, it could also be concluded that the
phase angles of all DGs are the same. Therefore, it is easy to regulate
the ac bus voltage by setting V; = V.. /n, where V', is the nominal
voltage amplitude of the ac bus.

C. Small Signal Analysis

To prove the stability of the proposed method, the small signal
analysis is used in this section [11]. First linearization is carried out
[12]. The steps of linearization include: a) find the equilibrium points;
b) move the equilibrium point to the origin; c) take the linearization of
the system.

Since 0; = w;, the dynamic equation of the i-th DG is given by
combining (3)—(6).

Z" cos(ﬁi—H-JrG]n,,d)
. W+ B = — il 2 Qumi
Oj _ + 1 Z‘:r:l Sill(%*%*‘%oad) |Qz‘ = Qmm

w* + B2 27:1 COoSs (‘91 + eluud - 01) ‘Ql‘ < Qmin

where Bl =K - Qmin; BQ = KV*ngn(Q,;)/\Z;Md ‘

It is reasonable to assume the state variables in equilibrium point
are [015,025 ...,0,5], where 0,5 = wst + 0;9,7 € {1,2...n}.wsisa
steady state value of w;, and 6;, depends on the selection of reference
phase angle.

To move the equilibrium point to the origin, we take the transfor-
mation 0; = 0, — 0,,. Then the small-signal equation of (10) is ex-
pressed as

10)

~Ci 50y (80, =20 ) 1Q:) = Qui

A, =
—Cy 3 (A@ - Aéj) 1Q:] < Quin

an

where C) = B, /(nsin?0,44), Co = By -sinf,.q and A means a
small perturbation around the steady state points.
Rewrite (11) in matrix form as

57 {Al : Aé'Qt| 2 Qmin

A = _
Ay A0 |Qi| < Quin

(12)
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TABLE I

SIMULATION PARAMETERS
Symbol Item Value
V*/ fres  Voltage reference 200 V/50 Hz

o ax Rated power 10 kW

Qmin Constant reactive power 0.1 kVar
AW ax Max frequency deviation 0.5 Hz

Controlled coefficient Se-5
Liine Line inductance 1.8 mH
Zioad Loadint € [0s, 1 s] 104359

Loadint € [1s,25] 10-j5Q

where Ay = —M, - L, Ay = —M, - L and L is a Laplacian matrix of
a complete graph.

. o . n—1 —1 - -1
Aezdiag[A91 Aly - AH,,] 1 n—-1--- —1
Mlzdiag(cl 0101) L=
]\Izzdiag(CQ 0202) : . .

-1 -1 -n—1

nXn

From (12), the L is positive semi-definite with eigenvalues 0 =
M (L) < ry(L) <--- <Ay (L), and the eigenvalue at zero is corre-
sponding to rotational symmetry [13].

Since M; and M, are scalar matrixes, A; and A, are also Laplacian
matrixes. Thus, all the nonzero eigenvalues of A; (i € {1,2}) are on the
left-half plane, i.e., the system is always stable under both the inductive
and capacitive loads. Compared to [10] which is stable only under
inductive loads, the proposed method is suitable for wider applications.

It is worth noting that the Laplacian matrix L is a complete graph
with all the nonzero eigenvalues A5 (L) = - -+ = A, (L) = n [14]. The
eigenvalues of A; are derived as A1 (4;) =0 and Ay(A;) =+ =
A (A)) = —n x C;, i € {1,2}. As Ay (A;) determines the rate of con-
vergence, then with increasing the K, the response speed of proposed
control will be improved.

Furthermore, a proper value of (),,;, should be selected. To better
avoid singularity and guarantee good dynamic performance, ),,;, can-
not be too small. For simplicity, @i, could be set to one percent of
the rated power of the DG. In fact, the following simulation results also
verify this is a simple and practical choice.

III. SIMULATION RESULTS

The simulations are carried out to validate the proposed ideas. The
simulation parameters of the system comprised of three cascaded DGs
are listed in Table 1. There is a small line inductance Li;,. between
inverter and load. The control scheme is presented in Fig. 2. The lim-
iter is added to restrict the frequency within the allowable range f €
(49, 51) [15].

1) Case I: Simulation results of proposed control under both

resistive-inductive and resistive-capacitive loads.

The simulation results are shown in Fig. 3 under both resistive-
inductive and resistive-capacitive loads. To illustrate the effectiveness,
the different initial phase angles of converters are set at time O s and 1 s,
and the proposed control starts at 0.3 s and 1.3 s. From Fig. 3, the system
can achieve real-power and reactive-power balance in steady-state and
obtain a satisfying transient response.

2) Case II: Simulation results of adding a small disturbance when

le = QQs = Qiﬂs = Qmin

As each DG is controlled by a switched control law as shown in (5)
and (7), the behaviour around the piecewise point: |Q;| = Q. iy 1S more
complex. To study robustness at the piecewise point, we assume that



1138

H-bridge

Vo ig
F iy

_____________________ AAAL

PWM I TN I
Power }i

d .
nner | L [ Calulation
Loops J= : e
Pii g

8. (1 Limiter _

é*
-
L]
L]

o
2
S
=
8
—
2]
=
=
~
(=]
-

Fig. 2. The local control diagram of the i-th DG.
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Fig. 4. Simulation results of case II. (a) Active power. (b) Reactive power.

the system is getting into steady state where Q;; = Q25 = Q35 =
Qumin = 100 Var and Py = Py, = P3, = 1250 W. At t =055, a
small frequency disturbance is added.
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From the simulation results in Fig. 4, although the steady state is bro-
ken at t = 0.5 s, the deviations of active power and reactive power are
gradually reduced and the system returns to steady state finally. More-
over, the steady points remain the same before and after disturbance.
The simulation results in case II indicate that the proposed control
scheme is robust.

IV. CONCLUSION

This letter reports an f — P/Q droop control scheme for DGs in the
cascaded-type microgrid. It realizes accurate real-power and reactive-
power balance under both resistive-inductive and resistive-capacitive
loads autonomously. Meanwhile, it is convenient to regulate the ac bus
voltage.
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