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A Decentralized Secondary Frequency Restoration
Control with Local Current for Island Cascaded-
type Microgrids

Guangze Shi, Hua Han, Yao Sun, Member, IEEE, Junlan Ou,Yajuan Guan, Member, IEEE,
and Josep M. Guerrero, Fellow, IEEE

Abstract—Frequency regulation is important for obtaining
higher power supply quality. To our best knowledge, there is no
decentralized frequency restoration method for cascaded-type
microgrid. This paper proposes a decentralized second
frequency control for the cascaded-type microgrid. It only relies
on local information to achieve frequency restoration and
average power sharing. In addition, the proposed control is
suitable for loads with different characteristics. Based on the
singularity theory, we provide the control algorithm
convergence analysis and control coefficient selection. Finally,
the real-time simulation results conducted by RTLAB verify the
feasibility of the proposed method.

Keywords—Second Frequency Regulation, Island Cascaded-
type Microgrid, Power Sharing

. INTRODUCTION

The world energy structure is going through a period of
irreversible change. Renewable energy resource plays a more
and more important role in this transition [1]. But the
intermittent characteristic introduces challenges forthe power
stability and quality [2]. Microgrid as an effective solution is
able to coordinate the generation resources and loads.
According to the interfacing converters connection structure,
microgrids can be divided into two types, paralleled connected
or cascaded connected.

Evolved from the power system, the paralleled-type
microgrid becomes the researched mainstream. The most
commonly used approach, droop control [3], can obtain power

sharing among generation units and improve systemreliability.

Based on droop control, many decentralized control methods
are proposed for PV, energy storage systems, and so on [4, 5].
But the droop control sacrifices power quality like
frequency/voltage deviation. The secondary restoration
controlprovides a promising solution forimproving the power
quality of the microgrid [6]. It can not only restore the
voltage/frequency deviation caused by the droop control but
also improve power sharing precision. Thus, secondary
restoration controlhas an indispensable position in the field of
microgrid control. The existing secondary restoration control
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methods are categorized into two types: communication-based
and non-communication-based.

According to communication topology,as shown in Fig. 1,
the communication-based methods can be divided into three
parts: centralized control, master-slave control, and
distributed control. The centralized secondary control [7]
relies on a central controller to send instructions to each local
controller. These control approaches can achieve accurate
voltage/frequency restoration and power sharing. However,
due to the high dependence on high-bandwidth
communication and centralized controller, the reliability of
microgrid will decrease. Moreover, the computation load and
the cost of communication will increase with the number of
cascaded units increasing. For master-slave control [8], the
master unit controller can provide instructions to slaver units
instead of the centralized controller. To avoid the reliability
reduction, a maximum power loading factor control [9] is
proposed with automatic selection of the master unit. But this
method has a weak ability to deal with communication
disturbance and failure. This promotes the wide use of
distributed control in microgrids, which can coordinate the
generation resources by using neighbor information. Authors
in [10] proposed a secondary control to restore system
frequency/voltage through adistributed consensus algorithm.
In [11], the authors use distributed consensus algorithms to
estimate global average frequency/voltage, which is used as
feedback to achieve restoration objectives. Apart from good
performance, the distributed control has merits in lower
communication dependence over centralized control and
master-slaver control. The distributed control relies on low-
bandwidth communication, which greatly reduces the
communication requirements and costs compared with
centralized control.

However, these three types of communication-based
methods still rely on the communications links to exchange
information. So the security and stability of the microgrids
will be threatened by communication delay, disturbance, and
failure. To further reduce communication dependency, some
researchers have developed decentralized secondary control,
which only relies on local information. Reference [12]
proposes aself-optimizing control strategy, which uses a low-
pass filter to achieve restoration and optimization objectives.
But the accuracy of the frequency restoration is not precise.
Combining the function of the low-pass filter, a secondary
control [13] that switches between two configurations is
proposed for accurate frequency restoration in steady state.
But the switch failure and detection disturbance will threaten
the stable operation of the microgrid.
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Fig.1 Secondary control categories with communication topologies
Table | State-of-art of previous frequency restoration strategies
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[13] pass filter control appliedto cascadedtype
microgrid

In the last few years, the introduction of cascaded-type
microgrids promotes the development of microgrids in
high/medium  voltage fields, especially large-scale
photovoltaic power generation [14], energy storage stations
[15], and so on. It not only provides a simple and direct way
to boost voltage without bulky transformers and complex
circuits. [16], but also improve the control flexibility of each
unit. However, most of the traditional control [17]-[19]
methods that target cascaded converter systems, such as static
synchronous compensators (STATCOMs) and motor drives,
are implemented by centralized control. Whenthe distributed
generations are geographically far apart, the traditional
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centralized control will no longer be suitable due to the
communication burden for acquiring data and transmitting
control commands.

Recently, inspired by the droop mechanism in the
paralleled-type microgrid, some researchers attempt at using
decentralized control as a potential solution. He et al. [20]

firstly proposed a decentralized control method and
introduced the new concept of series-connected-
microconverters-based microgrids.  Subsequently, [21]

proposes an f-P/Q method for wider load impedance
characteristics application. In addition, a general power factor
droop control is proposed to achieve unified control for both
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islanded and grid-connected modes [22]. Considering

distributed generation characteristics, some specific

application scenarios of the cascaded-type microgrid are
widely studied. For instance, a decentralized SOC balancing

method is designed for battery energy storage systems in [15].

A decentralized mutual damping control for VSGs is

proposed to achieve power and frequency oscillation

suppression [23]. However, the focus of these methods is
frequency synchronization and power sharing, which ignore
the frequency offsets.

Thus, secondary frequency control also plays an important
role in cascaded-type microgrid operation. Inspired by
communication-based methods of paralleled-type microgrid
some works have been attempted in cascaded-type microgrid.
Based on a centralized controller, a hierarchical control [24]
and a two-layer coordinated power flow control [25] are
proposed to realize flexible power regulation and ensure the
rated voltage and frequency. To improve reliability and reduce
communication burden, the authors in [26] propose a
secondary frequency control based on distributed consensus.
This method uses neighbor-to-neighbor interactions to
exchange information. Considering the drawbacks of the
aforementioned communication-based methods, investigation
on the non-communication-based control methods for
frequency restoration in the cascaded-type microgrid is highly
required. It is noted that although communication is
indispensable for other important functions in practice, like
state monitoring, system protection, etc., reducing the
dependence on communication for the controller can improve
the reliability in the case of communication vulnerability risks.
According to [20]-[23], the control design mechanism of the
cascaded-type microgrid is quite different from that of the
paralleled-type microgrid. In case of following the
decentralized secondary control of the paralleled-type
microgrid, the characteristics of the series structure are not
fully utilized.

To sum up, Table I shows the state-of-art of the existing
studies. As shown in Table I, the previous controlapproaches
still meet some limitations including:

1) Although the application of existing communication -
based methods (including centralized and distributed
methods) for frequency restoration is not limited by the
microgrid structure, the drawbacks are obvious, such as
high dependence on the communication network and low
reliability in terms of communication and master/central
controller failure risks.

2) Up toourknowledge, thereis no decentralized frequency
restoration method for cascaded-type microgrid. Unlike
communication-based methods, the decentralized
methods for paralleled-type microgrid cannot be
extended to cascaded-type microgrid due to the impact
of load impedance characteristics over control stability.
Moreover, the accuracy of frequency restoration is not
accurate enough.

To overcome these limitations, a decentralized second
control for the cascaded-type microgrid is proposed. The
main characteristic of the series structure is that all resources
sharing the same output current. Taking advantage of this
feature, each local control can easily acquire the global
average frequency from the respective output current. Thus it
is very convenient to achieve frequency restoration with high
steady-state accuracy and smooth response performance. In
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addition, a self-tuning modification is designed to eliminate

the power sharing errors caused by external disturbance and

initial integration error. Moreover, the stability of the
proposed control is proved based on singularity theory.

Compared with previous studies, the contributions of this

paper are summarized as follows

1. Providing an easy way to acquire global awerage
frequency based on local information. Compared with
communication-based methods, the proposed controlis of
flexibility in the usage of the same sharing local currents,
which is an easy and convenient way to acquire global
frequency information.

2. Proposing a decentralized frequency recowery
strategy with improved performance. The existing
frequency restoration methods for cascaded-type
microgrid all rely on communication. The proposed
method firstly provides an effective way to restore
frequency  without  communication dependency.
Compared with decentralized methods, e.t. low-pass filter
based methods, the accuracy of frequency restoration is
improved.

3. Designing a self-tuning modification using local
information for ensuring average power sharing. The
main drawback of existing decentralized methods is that
the external disturbance is easy to destroy the state of
power sharing. In this paper, the self-tuning modification
is cleverly designed by singular theory to overcome this
drawback. As the frequency recovery control and self-
tuning modification are in different time scales, the
frequencies are restored quickly after every iteration of
selftuning  modification.  Thus, the self-tuning
modification has little effect on frequency restoration.
Moreover, the power sharing error eliminated with only
local information is better than communication-based
methods.

. MOTIVATION

A. Introduction of the primary control in cascaded type
microgrid

i i

1

1 o

| | PG#1 [ Converter — L, Vet |
1

: T :

Loads

1

1

1 s

: 5 c Vie™ E

] 'T r o
) 1

Fig. 2 Cascaded type microgrid configuration

Fig. 2 describes the configuration of a cascaded type
microgrid comprised of n DGs. In this system, the interfacing
converters are connected in series to achieve a high voltage.
The voltage at the point of common coupling (PCC) equals
the sum of all DG voltage vectors, which is expressed as
follows

i \ 5
V,e!r => Vel )
i=1
where the output voltage of the i-th converter is denoted as
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V,e/% and the PCC voltage is represented by Vpej‘sl’.
According to [15, 23, 27, 28], the primary control for the
cascaded microgrid is commonly designed as
f.=1f +sgn(Q)mP
&=MWW*
where fi and Vi are the frequency and voltage amplitude
references of the i-th DG unit, respectively. mj is the primary
control coefficient, which is designed to meet m=|Af_ |/ P .
The |Afwex is the maximum frequency deviation. The f'
represents the frequency reference value atno load. The V" is
the nominal voltage value of the cascaded microgrid. P”is the
nominal rated power of the i-th cascaded unit. The sgn(-)
presents sign function, which is designed for extending stable
region. The function ¢(-) is expressed as follows

@

1 x>0
sgn(x)=40 x=0 )
-1 x<0
o(R)=P /Po =R/ 2R @
j=1

Generally, the nominal rated power of each unit can be
acquired. So in practice, the expression ¢(P"i) is usually
calculated offline, which does not rely on real-time
communications.

B. The Motivation of Second Frequency Control for the
Cascaded-type Microgrid

Although the primary control can achieve frequency
synchronization and power sharing, the frequency deviation
cannot be avoided. Fig. 3 represents the frequency/power
curves under the primary control. When the system operates
with RL load, the f/P curve is in the blue area and the
frequency will increase in steady state. When the system
operates with RC load, the primary response is different. As
shown in the red area, the frequency will decrease in steady
state. It can be seen that different load characteristics will lead
to different system frequency variation trends. This is a
unique characteristic for cascaded-type microgrid, which is
quite different from the paralleled-type microgrid. To
improve the power quality of the system, it is necessary to
restore the frequency of the system.

fA

Frequency Increase

RL Load

Frequency Decrease

>P

Fig. 3 Frequency/power curves under the primary control

In the proposed control, some disturbance will cause power
sharing error, which can lead to the PCC voltage decrease.
Due to the power-sharing error, the power factor angles of all
DGs will not be consistent. As shown in Fig. 4, although the
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voltage amplitude of each DG unit does not change, the
unbalanced power factor angle will decrease the PCC voltage
amplitude according to the vector sum principle.

_ V, . >
e b / Ve After Disturbance Vp
) ....ﬁ/ﬂ .....

b

Vi sl
| |

()1 >

Fig. 4 Voltage drop mechanism with power-sharing error

Ill.  PROPOSED CONTROL DESIGN

A. Second Frequency Control Design

To overcome the drawbacks, the objectives of the second
control for the cascaded-type microgrid are to restore the
frequency and obtain accurate average power sharing, which
can be expressed as follows
lim(f"—f)=0, i=12-n ®)

t—w
lim(mP,-mP)=0,i,j=12-n&izj ()

To achieve the aforementioned goals, this paper proposes
a decentralized secondary control, which has two
modifications based on the primary frequency control. One
modification i is for restoring frequency and another
modification ¢is to eliminate power sharing error

fi= f*+g(Qi)(miPi+§i)+(//i
K. /.«
vi=—(f"-1) ™

& :Gikz:l(mipi‘x)y

where ki is the coefficient of the secondary controller. fi is the
output current frequency. Gi is the self-tuning coefficient.
The index y is the convergence rate coefficient. The
frequency restoration is conducted by PI controller, and the
self-tuning modification is a time-trigger control law, which
is based on precise pulse per second (PPS). The two
modifications work at different time scales. The sample
period Tt of frequency modification i is the same as the
primary control. The time interval Ts between k and k+1 self-
tuning modification is much larger than Tt, which is setto 1s
in this paper. The subscript x represents the x-th trigger. The
diagram of g(Q) is shown Fig. 5. The switch will be enbled
when the absolute value of Qi larger than Qupper and will be
disable when the absolute value of Q;j less than Qiower. In this
paper, Qupper =20Var and Qiower=3Var are selected.

T
AR
D (o k)

! g(*) function diagram

B. Analysis of frequency restoration modification

As for cascaded-type microgrid, all DG units share the
same load current, which is global information in nature. The
proposed control adopts the nature characteristic to regulate
the whole systemfrequency. The currentangles J; are derived
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as follow
2.0(R)sin(, ~ 6 )
6, =atan-2 (8)
2 0(R)cos(8~ O )
leoadejglvoad = Zloadej‘gluad _I_Z”neejgline (9)
where Z,., and 6, are the amplitude and angle of the vector

sumof line impedance z, e and load impedance z,_ e"%= .

Then, the current frequency can be calculated by
derivation of (8)

f, = Z(o( I, (10)

From (10), the output current frequency represents the
weighted average frequency of all DG units. In steady state,
all units share the same frequency and the frequency
restoration is achieved due to the PI controller. The system
frequency is restored to the reference value, which is
expressed as follow

fi=f,==f =f =1 1)

n

To further illustrate the frequency restoration mechanism,
Fig. 6 shows the f/P curves and operating point variation
under frequency restoration modification. From Fig. 6,
assume that point a is the initial state of the system under no
load. When the system operates with RL load, the system
frequency has increased and the operating point shifts from
point a to b. After frequency restoration, the f/P curve moves
downward and the operating point moves to point c. When the
systemoperates with RC load, the operating point a moves to
b along the original /P curve, which is accompanied by a
frequency decrease. Then, the frequency restoration can be
regarded as an upward movement of the curve, whereas
operating point b follows the curve with a vertical translation.
Hence, frequency restoration can be achieved

e Before Recovery — e After Recovery

f

Frequency f+y;
Recovery Cc
=— Frequency

' Recovery

Primg
Mary TeSponge

RL Load RC Load

Fig. 6 Frequency restoration schematic diagram

C. Analysis of self-tuning modification

f Before tUNing: e #] e #2
After tining: e  ® #] ® @ ® #2

f 4_’PDWEI difference

ﬂertunmq

/ ge\f Frequency f -G
tu\mg RECUVE’Y

Initial power
| difference ,
>

T Se\f Frequency
s*y. t\ﬂmg Recovery

Power difference
after tuniny ; '
: P

Inital power
difference

P
RL Load - RC Load
Fig.7 Example for self-tuning modification mechanism

Fig. 7 describes a specific example of two DG units with
the same capacity connecting in series to explain the self-
tuning modification mechanism. In the beginning, there is
power sharing difference between the two DG units. The self-
tuning modification is to make the f/P curve of each DG unit
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change according to its output power. In detail, the f/P curve
of the DG with larger power will shift more than the f/P curve
of the DG with less power. Thus, the mechanism behind the
sharing error reduction is that the DG with larger power
decreases its output power and the output power of the DG
with less power will increase. If the self-tuning modification
is repeated, their output power tends to be consistent, and the
active power-sharing error will be eliminated eventually. Due
to the same output current, the reactive power sharing is also
achieved, which is discussed in [21~23, 27, 28]].

In addition, the frequency deviation caused by the self-
tuning modification can be restored by the frequency
restoration modification. Because the time scale of the self-
tuning modification is much smaller than the time scale of the
frequency restoration modification. That is to say, if the self-
tuning modification leads to frequency deviation, then the
frequency restoration will restore the system frequency to
rating value in a short time before the next self-tuning
modification trigger.

When the system works under pure resistance load, each
unit of the system does not provide reactive power, which
means that the value of Q; is very small. Atthis time, the phase
angles of output current and voltage are almost the same.
Since the same sharing output current, the active power of
each unitis proportional to the voltage amplitude. The voltage
amplitude of each unit is designed according to its capacity,
so the systemcan still keep active power sharing. So when the
absolute value of Qi is less than Qiower, the self-tuning
modification does notneed to start.

P:iPiiP =V iV, e

*

V., =R R 1P (12

n n

D. Synchronization clock based on Precise Pulse per Second

All the self-tuning modification is activated by the periodic
PPS signal, which is shownin Fig. 8. Although there are still
PPS errors, the effect of the proposed self-tuning modification
will not be affected. Because the time interval Ts are much
larger than the PPS error, which does not exceed 100ns.
Besides, the errors do not accumulate, which will be
eliminated by the frequency modification response. Moreover,
the global synchronization clock is indispensable for system
startup, protection, and grid connection, so this will not bring
much additional cost.

PPS Self-tuning Self-tuning
Signal | |[<— Modification «— Modification
Trigger Trigger
' T, : T, 5

Fig. 8 Self:tuning modification trigger'based on PPSsignal

IV.  STABILITY ANALYSISBASED ON SINGULAR
PERTURBATION THEORY

According to singular perturbation theory, when analyzing
the boundary layer system (reduced fast system), we can
consider the slow variable as a constant value. Whereas,
when focusing on the outer system (reduced slow system),
the dynamic of the fast variable can be neglected [29]. Since
the frequency restoration control and self-tuning
modification are with two different time scales, we can
analyze the stability of frequency restoration control and
convergence of self-tuning modification separately.
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A. Power Transmission Model
Based on the circuit theory, the power flows of thei-th DG
units in the cascaded- type microgrid are obtained as

P |Z |ZV C0S (&, + g — ;) (13)

load

ZV sm(5 +0

load

-0, (14)
|Zload| )

By linearizing (13, 14) and moving the equilibrium points
to the origin, the small-signal equations of the power

transmission model are derived as
*2

APi=—|;/—| (R )5'“9|oadz¢’( ")(a, - As;) (15)

*2

|Zload |

where &, =&, — &, and dis is the steady-state value of di,
which is defined as dis=/2-n.f'dt

AQ =z— (R )Cosﬂoadzfp( (a8 -a5,) (16)

B. Analysis of the Boundary Layer System

On the fast time scale, we can analyze the stability of the
restoration control by considering the self-tuning
modification as a constant. Thus, calculate partial differential
of (7) and we can obtain the small-signal equation of the
boundary layer systemdynamic model.

dAP
dAf sgn(Q,)m, T_kliAfl |Q|2 Qupper

dt _m 989 dAQ, KA,
dt

an
|Q| < Qlower

Substitute (15, 16) and m=|Af . |/P" to (15), we can
obtain

dcif =c ZP (af, -af;)- kl.ZP Af; / at (18)
where
G =Sgn(Qis)27;/“jArT:Xsm Onas |Q1= Qupper
&= 2;zv*2\Afma:\a O,a (19)
“s |Z16ad | Pota 005 oas Q1= Qover

Since sgn (Qis)= sgn (Qjs)= sgn (Qioad) and cosO 1a¢>0, Cx
is always non-negative

According to the Lyapunov energy function method, if a
given system can find a positive definite energy function

V(x) and satisny (X) <0 the total energy of the system will

gradually decrease and eventually reach a stable state. To
introduce the Lyapunov function, the positive energy
function is defined as follows
1& -
V:EZF} Af2 >0 (20)
i=1
The derivation of (20) is expressed as follow
V=-C YRR (af - ) - [zkup A, J[Z P;Afj] 21)
i=1 j=1 total j=1
From (21), if kin=ki2=..=kin>0, the derivation of energy
function will be less than zero. According to the Lyapunov

energy function method, the local asymptotic convergence of
the boundary layer systemis achieved. The larger the second
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control coefficient is, the transient energy decreases faster,
which accelerates systemfrequency restoration.

C. Validation ofthe small signal model

To verify the validation of small signal model, the
simulation tests of comparison between the small signal
model and physical simulation model are conducted. The
parameters are presented in Table Il. When |Qi|>Qupper as
shown in Fig. 9(a), the same disturbance is added on the small
signal model and the simulation model at t=4s, respectively.
After disturbing, both small signal model and physical
simulation model canreturn to the original steady state point.
However, during the dynamic process, there exists errors
between small signal model and physical simulation model.
These errors are mainly introduced by the linearization
process,which is inevitable. As observedin Fig. 9 (b), when
|Qil< Qiower, the results are similar to the case of |Qi[>Qupper.
From the two simulation results, although there are some
small errors, the small signal model responses are roughly

consistent with the systemresponses.
50.2

T T T T
Small signal model —— Physical simulation model

~
<
g 50 I
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o
L
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]
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w
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Fig. 9 Simulation test of comparison between the small signal model and
physical simulation model: (a) | Qi|>Qupper, (b) |Qi|< Qiower,

D. Analysis of the Outer System

In this section, the convergence of the self-tuning
modification is analyzed. When focusing on the slow time
scale, the frequency is considered to be restored to the rated
value, According to (7), the outer system models of the i-th
DG andthe j-th DG are derived as follow

0= m|P|k+GZ( i |x)( +l//i,k (22)

0= mlPlk+G Z( j JX) 'H//j,k (23)

Generally, the coefficient of self-tuning modification is set
to be the same, which can be expressed as Gi=Gj=GC.
Subtracting the slow-scale model of the j-th DG from the
slow-scale model of the i-th DG, then

mB,—mP;, =g GZ(( i |x) (mJPJX)) (4)

where ejj represents the power sharing error accumulated by
initial integral errors, disturbance on current frequency
measurement, and frequency restoration integration. It is
noted this power sharing error can be assumed as a constant
to simplify the following analysis.

Define m R, >m;P,, >0and Z;

itk _miPi,k_

iPix,and then
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kL 7 7
Zijk =8 —G;((mi R.) =(mP) ) (25)
From (25), we can obtain a nonnegative sequence, which
is derived as follow

Zij,k+1 = (1_Gsij,k )Zij,k

(26)
Zij,l =€
where

-1 1o

Sij,k :Z((mi Pi,k )y (mj Pj,k )r y) (27)
y=0

As 0<m P, <m P =Af_,, we can obtain
0<S;, <7|Af[ " <1 (28)
If coefficients G and y are set to satisfy

0<G-y-Af 7" <1, there exists a positive number p
satisfying
0<n;l§lx(l—G'Sij’x)Sp<l (29)
Substitute (29) to (26), then
Zij,k+1 = (1_Gsij,k )Zij,k < pzij,k < pzzij,k—l S0 s pkzij,l (30)
The right-hand side tends to zero as k — oo . Combining

with the definition Z; ., >0, we can obtain

0<Zy,,<0=72,,,=0 @31
Obviously, the Zjjk+1 will converge to zero. In otherwords,
the proposed control can achieve active power sharing
eventually. In addition, larger coefficients G and y can
increase the convergence rate. But it is worth mentioning that
very large G and y will affect systemconvergence and lead to
unallowable frequency fluctuation.
Thus, the selection of G and y is very important, which
should satisfy the following condition

0<G - |Af [ <1

(32)

G(mP ) <GJaf |af|

=
where |Af,| is the maximum frequency fluctuation.

From the second equation of (32), the selection of G is
derived as follow

_at]
|Af |

Combining (32) and (33), the selection principle of

convergence speed rate y is derived as

33

<y<
"
From (33) and (34), to acquire a fast convergence rate, the
coefficients G and y are selected as large as possible within
the derived range above.

V. REAL-TIME SIMULATION RESULTS

In this part, the real-time simulation tests with selecting a
cascaded-type microgrid comprised of four cascaded units
are carried out based on RT-LAB OP4510. The topology of
the systemand the detailed control diagram are presented in
Fig. 10. The parameters of the simulated systemare listed in
Table I1.
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TABLE I
SIMULATION PARAMETERS
Symbol Item Value
VI frer Voltage reference 311 V/50 Hz
P max Rated power 1 kw
Afmax Max frequency deviation 0.5 Hz
Afs Max frequency fluctuation 0).1Hz
m Control coefficient 5e-4
ki Frequency restoration coefficient 4
G Self-tuning coefficient 1.6
¥ Convergence rate coefficient 4
Ly Filter inductance 0.6mH
Cs Filter capacitor 20uF
DG# | A
J:_ J _L : Load | !
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4 TG NN
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Fig. 10 Proposed control diagram.

A. Case I: Feasibility of frequency restoration
different types of load

In this part, only frequency restoration modification is
conducted. Fig. 11 (a) and Fig. 11 (b) represent the simulation
results of the control strategy with resistive-inductive and
resistive-capacitive loads, respectively. When under RL load,
in the beginning, the cascaded-type microgrid operates under
primary control and the frequency deviation is visible. After
frequency restoration modification starting (t=2s), frequency
restoration is achieved eventually. During the dynamic
process, the adjustment time is less than 1s and the overshoot
peak value is small. Thus, the transient performance and
dynamic response of output power are satisfied. At t=4s, a
load step up change occurs. After a brief fluctuation, the
frequency returns to 50Hz again and the power sharing has
not been affected. When with RC load the dynamic process
is similar to the case with RL loads, and the frequency
restoration and power sharing are achieved in steady state. To
avoid repetition, the results will not be discussed in detail.
The effectiveness of the proposed control method for
frequency restoration is verified and the stability is

under
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insensitive to load impedance characteristics.

B. Case Il: Feasibility of frequency restoration
different types of load

Fig. 12 shows the simulation testresults underpure R load
and load characteristic change. In this test, the system starts
to work under pure resistance load. A load of R=30Q is added
at t=2s. The results show that the proposed control can work
well under pure resistance load. In addition, the load
characteristic is changed from R to RL and RL to RC at t=4s
and t=6s, respectively. After load characteristic change, the
dynamic performance of active power and reactive power is
satisfactory. Although the characteristic change will bring
frequency fluctuation, the frequency overshoot is still within
theallowable range. In steady state, frequency restoration and
power sharing are ensured. All in all, the results show the
effectiveness of the proposed control under pure R load and
load characteristic change.

under

RL Load
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Fig.11 Simulation results of frequency recovery verification: (a) with RL
load, (b) with RC load
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C. Case llI: Feasibility of frequency restoration under pure
R load with phase error

In this section, a simulation test of the proposed control
under pure R load is carried out. The RL load and R load are
selected as 20+12jQ2 and 25Q, respectively. Att=2s, the load
is changed from RL load to R load. As shown in Fig. 13, after
load changing, although the control change will bring
frequency fluctuation, the frequency synchronization and
restoration are achieved eventually. Moreover, to verify the
robustness of the proposed method under pure R load,
different phase errors for each unit occur at t=4s. After phase
errors occurring, the frequencies of each unit are disturbed.
Under proposed control, the frequency disturbance is
eliminated and the frequency synchronization and restoration

are still guaranteed.
R load

RL Load RC Load

a
o
w

I
T
|
|
|
|
L

@
S
e
T
?
|
|
[

o
N
T

—
N -
<
= | T = = = Nmm—
2 99t i | !
g™ | | |
g | | ' — #
E 497 | ' \ H # |4
| | AV —
495 1 1 |
T T T
g’ b :
X osf : ".\‘ ! i
] | Load characteristic : Load characteristic
% 06 I x change | change T
h '
S04 I increase " (RtoRL) 4( (RL10RC)
S \ A
=]
<

[
1 b

o

o
IS

v
1
T
'
1
'

o
N

o
N
T

NfF======~======— |-

Reactive Power (kVar)
s o

IS
N

Time(s)

Fig. 12 Simulation results of the control performance under load
characteristic change.
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Fig.13 Simulation results of the control performance under pure R load with
phase error

D. Case IV: Feasibility of self-tuning modification.
To better verify the feasibility of self-tuning modification,

we add a random error at t=2s. As observed in Fig. 14,
although the frequency restoration can be achieved after
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fluctuation, the power sharing among each unit cannot be
maintained. When the proposed modification starts at t=4, the
self-tuning modification starts to regulate the power outputs,
thereby output powererrors of all units decrease step by step.
Moreover, load change does not affect the power sharing
performance and a fast dynamic response can be obtained. In
steady state, the frequency is restored to the normal value
(50Hz) and the power-sharing accuracy is improved.
Although there are still small and transient fluctuations when
the modification triggers, the fluctuations are within the
acceptable range during the whole adjustment process. Allin
all, the feasibility of self-tuning modification is verified.

E. Case V: Influence of coefficient y on convergence speed.

This case is to discuss the influence of coefficient y on
convergence speed through simulation tests. Three different
groups of self-tuning modification coefficients are selected:
1. G=1.6 and y=4; 2. G=0.4 and y=2; 3. G=0.2 and y=1. From
the three test results in Fig. 15, the coefficient group 3 can
achieve the fastest convergence speed compared to the other
two groups. We can conclude that the greater the y, the faster
the convergence speed, which is the same as the above
theoretical analysis.
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Fig. 14 Simulation results of self-tuning modification verification.
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Fig.15 Simulation results of the control performance with different y and G.
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F. Case VI: Influence of PPS errors on control effect

In this section, we aim to explore the impact of normal PPS
errors on the control effect. Generally, the accuracy of PPS
can reach 100ns. To better prove that the PPS error has little
effect on the control effect, the error conducted in this case is
100 times larger thanthe normal. The PPS error is randomly
generated between 0 and 10ms. As observed from the
enlarged view of the correction trigger (t=2) in Fig. 16, the
maximum PPS error reached 10ms. However, the output
power of each DG can also keep the convergence trend and
achieve balance in steady state. As observed from the
enlarged view of output power (t=10), the maximum power-
sharing error is less than 1 w, which is within the allowable
range. Moreover, the power distribution returns into a
balanced state before the next PPS signaltriggering. Thus, the
proposed method has good fault tolerance for normal PPS
errors.
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Fig.16 Simulation results of the control performancewith PPSerrors.
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Fig.17 Simulation results of the control performance with transient PPS
signal loss.

G. Case VII: Influence of PPS lost on control effect

Reactive Power (kVar)

In this case, the PPS signal that the #1 DG received is lost
during the period of t=3~4s. When the PPS signal of #1 DG
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is lost, the active power of the #1 DG no longer maintains the
convergence trend, which is different from the output power
of the other three DGs. It can be seen from Fig. 17, when the
PPS signal is restored, the active power of the #1 DG keeps
the converged again and the power sharing is achieved in
steady state. The steady-state performance is the same as that
without PPS signal loss. It is noted that the long-term PPS
signal loss is still unacceptable, which will decrease the
control performance. If the PPS signal is lost for a long time,
the entire self-tuning modification needs to be stopped
triggering.

VI. CONCLUSION

In this paper, a decentralized secondary controlmethod is
proposed for the cascaded-type microgrid. Combined with
the characteristics of the series structure, the frequency
recovery modification can be easily designed by using the
global average frequency acquired from the sharing output
current. In addition, a self-tuning modification is proposed to
improve  power sharing accuracy. Since real-time
communication is not required, the threat of communication
disturbance is decreased, which also increases system
reliability to a certain extent. Moreover, the stability has been
proved based on singular perturbations theory and the
simulation tests based on RTLAB have validated the
feasibility of the proposed control method.
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