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Abstract: In order to ensure the reliable power supply of the local load in the micro-grid (MG),
a seamless switching control technology (SSCT) suitable for grid-connected converter (GCC) is
proposed. This technology includes silicon-controlled rectifiers (SCR) forced shutdown control
strategy (SCR-FSCS) and three-loop control strategy (TLCS). The SCR-SSCT adjusts the load voltage
in real time to form a back voltage at the grid-connected inductor, which greatly reduces the SCR
shutdown time and ensures the reliability of local load power supply. The TLCS can easily realize the
switching between the current source mode and the voltage source mode of the GCC. An experimental
platform is established to carry out the relevant experiments. The experimental results show the
rationality and effectiveness of the theoretical analysis and the proposed control technology.

Keywords: grid-connected converter; forced shutdown strategy; three-loop control strategy; seamless
switching control technology

1. Introduction

1.1. General Context

In order to solve the problem of global climate change, renewable energy sources such as wind
energy and photovoltaics have developed rapidly [1,2]. micro-grid (MG) is an effective form of
renewable energy utilization has become the consensus of the scientific community [2]. MG is a small
power generation and distribution system that connects wind power, photovoltaic and other power
generation types, energy storage, and loads through power electronic equipment. MG can not only
improve the utilization efficiency of renewable energy but also accurately track load changes to ensure
the stable power supply of the load [3,4]. Based on the concept of MG, various countries have carried
out demonstration projects. The Consortium for Electric Reliability Technology Solutions (CERTS) of
the United States built a demonstration project at the Dolan Technology Center [5]. The goal of this
project is to verify the stability of voltage and frequency under islanding conditions, as well as seamless
switching between operating modes [5]. There are many MG projects built by the European Union [5].
The main goal of the Labein project in Spain is to verify the performance of the system control strategy
under grid-connected conditions. Japan has built the Sendai MG project [6]. The project provided
uninterrupted power supply to the loads in its service area during the 2012 Japanese earthquake.
This experience is of great significance to the development of MG. The Bulyansungwe MG project in
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Uganda is of great significance to the discussion of power supply modes in areas with insufficient
power and abundant sunlight resources [5].

1.2. Motivation

MG have various working modes [7-10]. They can work in the grid-connected mode (GCM) to
exchange energy with the grid and in the off-grid mode (OGM), when grid maintenance is needed or
grid faults have occurred, to independently supply power to local loads and ensure the continuity
of the load power consumption. This requires the GCC in the MG to ensure the continuity of the
load voltage and phase in the process of grid-connection/off-grid switching. That is, it must have a
seamless switching function between GCM and OGM. Therefore, it is of great significance to carry out
the research on the SSCT.

1.3. Brief State of the Art

Scholars at home and abroad have carried out a lot of research on seamless switching control
technology for inverters. In [11], an optimal design scheme for grid-connected controllable switches
in MG was proposed, but the scheme realized seamless switching by adding passive networks,
which increased the difficulty of coordinated control and the cost of the equipment. In [12],
the causes of voltage and current impacts in the process of the dual-mode switching of inverters
between GCM and OGM were analyzed, and a seamless dual-mode switching method of inverters
based on a nonlinear droop curve, which can suppress the impact and distortion of voltage
and current during the switching process was proposed. In [13], control models of an electric
vehicle charging/discharging/storage integrated power station in the V2G mode, independent mode,
and switching mode were established, and a centralized multi-mode unified operation control strategy
was proposed to realize seamless switching of operation modes. Based on virtual synchronous generator
control technology, a pre-synchronization control strategy for GCM and OGM, which realized seamless
switching between different operation modes, was proposed in [14-18]. However, the strategy mainly
realized smooth switching between different modes from the perspective of software control, without
considering the coordination with the control switch of GCM and OGM. In [19], considering the
islanding detection problem during the seamless switching of GCC, an anti-islanding detection method
was proposed to improve the adaptability of the islanding detection method, but further research
on how to control the inverter after islanding detection remains necessary. In [20], considering the
problem that voltage is uncontrollable during islanding detection when the GCM of a master-slave
MG is switched to OGM, a voltage and current cooperative control strategy was proposed to ensure
the continuity of the control mode. A SSCT based on positive sequence extractor was proposed
in [21]. A SSCT based on a virtual synchronous machine was proposed in [22]. The pre-grid-connected
mode was introduced. However, during the switching process, the power required by the load was
provided by the power grid, which had an adverse effect on the grid. Based on the instantaneous
power theory, model predictive control technology was introduced in [23] to improve the dynamic
performance of the GCC. In [24], a seamless switching inverter for a MG was designed, and strategies,
such as sine wave pre-detection, fast commutation current compensation, and predictive conversion
voltage control, were proposed to realize SSCT. In [25], four typical operation modes of an AC/DC
hybrid MG with multi-bus structures were designed, and corresponding mode switching strategies
and implementation logic were proposed. However, the switching strategy mainly focused on the
upper-level energy management of the system, and no specific implementation form of seamless
switching of grid-connected equipment was proposed. According to the working characteristics of the
energy storage converter in MG [26], a SSCT was proposed. However, the coordination control problem
of the software control strategy and hardware switch was not studied in this scheme, which influenced
the control effect of the strategy. A master-slave coordinated control strategy for distributed new
energy power generation units connected to the common connection point through two parallel
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inverters was proposed in [27,28]. However, the strategy mainly focused on the coordinated control of
parallel inverters, and the seamless switching process of a single inverter was not analyzed in detail.

In the field of multi-loop strategies for GCC, A multi-loop control technology for GCC was
proposed in [29]. It was mainly used to suppress harmonic distortion and frequency variation, and the
application of this strategy to a seamless switching control has not been studied [30,31] proposed a
multi-loop control framework for voltage source GCC using LCL filters. A sliding mode controller
was used in the inner loop to make the inverter become a current source inverter with CL filter. For the
voltage source inverter adopting the LCL filter, the damping characteristic of the inverter is improved
by adopting multi-loop control, and the stability of the system was enhanced [32]. For the boost
inverter, a multi-loop control strategy based on sliding mode control was proposed to improve the
output voltage quality of the inverter and reduce the voltage stress of semiconductor switch [33].

It can be seen, from the above analysis, that the existing studies in this field focus on the software
control strategy, and there are few studies on software-hardware coordinated control and the hardware
control strategy. After the control command is issued, the switch will not act immediately due to the
influence of the working characteristics, and there is a delay effect on the time scale, which causes the
quality of the power supply to decline and even threatens the safety of the local load.

1.4. Contribution and Scope

To solve the existing problems in current research, this paper proposes a new type of SSCT to
solve the problem of sudden voltage changes in the process of GCM and OGM. The main contributions
of this paper can be summarized as follows:

(1) Aiming at the zero-crossing shutdown characteristics of SCR, the SCR-FSCS is proposed,
which significantly compresses SCR turn-off time. This strategy avoids sudden changes in
the load voltage.

(2) This paper proposes to adopt a TLCS to realize the rapid conversion between GCM and OGM.
This strategy can carry out real-time control of the current, has a fast response speed, and provides
software guarantee for SSCT.

(3) This paper uses the GCC platform to carry out related experiments, such as SCR switching
characteristics, the influence of SCR switching characteristics on the load voltage, and the SSCT
of GCC different load types.

1.5. Organization of the Document

The other parts of the paper are arranged as follows. In Section 2, the typical results of MG are
introduced. In Section 3, the preconditions for SSCT of GCC are introduced. In Section 4, the influence
of the switching characteristics of SCR on the local load and the specific realization method of the
SCR-FSCS are analyzed. In Section 5, the design method of the TLCS is introduced and the stability of
TLCS is analyzed. In Section 6, combining the SCR-FSCS and the TLCS, the specific implementation
method of the proposed SSCT is introduced. In Section 7, the effect of SSCT is verified through
experiments. In Section 8, the main conclusions of this paper are given.

2. Topology of the MG and GCC

The typical MG topology is shown in Figure 1. Photovoltaic cells are connected to DC bus through
a DC converter. The DC bus provides power to the local sensitive load through a GCC. The GCC is
connected to the power grid through a GCC, circuit breaker, and transformer to realize energy exchange
with the power grid. The energy storage system is connected to the DC bus through a bidirectional
DC/DC converter.
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Figure 1. Topological structure diagram of the micro-grid (MG).

DC Bus

Considering the need for unbalanced loads, a three-phase four-wire topology based on a flying
capacitor is adopted for the GCC, and an LCL filter is also applied, as shown in Figure 2. Two filter
capacitors are connected in a series on the DC side to obtain a stable DC bus voltage. The midpoint
of the two capacitors is taken as the midpoint of the system output voltage. The topology includes
three single-phase half bridges, so the circuit can work in a three-phase state and single-phase state.
Because the three-phase control of the topology is realized independently, it has a strong ability, with an
unbalanced load.

s
A
A
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5

Figure 2. Topological structure diagram of a three-phase four-wire converter based on a flying capacitor.
3. Preconditions for the Seamless Switching of a GCC

In the ideal state, the power grid supplies a constant frequency, sinusoidal waveform, and standard
voltage to the load. However, due to the influence of various power quality problems, so the ideal
waveform does not exist. In the MG, a large number of distributed renewable energy power generation
units are connected to the grid, making the power quality problem of the grid more serious. To ensure
the power safety of the load, the switching of the GCC from GCM to OGM needs to meet the
following conditions:

(1) The fluctuation range AU of the grid voltage amplitude of any one phase is not more than + x%.
(2) The time At taken to switch from the GCM to the OGM should be short enough to ensure
uninterrupted power supply to the load, which can be set as At < z.

When the grid voltage recovers from the fault, the GCC should switch from the OGM to the GCM.
During the grid-connection process, it is necessary to ensure that no impulse current is generated,
and a smooth transition of the load voltage is realized. Therefore, the following conditions should be
met for the switching of the GCC from the OGM to the GCM:

(1) The grid voltage is normal.

(2) The Voltage phase difference A0 between the grid voltage and the load voltage is small enough,
not exceeding +e.

(3) The Voltage amplitude difference AU between grid voltage and load voltage is small enough,
not exceeding +o.

A logic diagram for the seamless switching of the GCC is shown in Figure 3, which includes the
control command, operation mode switching, and control effect. The control commands can be sent by
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the upper management system or the local controller. Both of them manage the operation mode of
the GCC through the logic, “or”. The operation mode includes two steady-state operation modes of
OGM and GCM, as well as their switching process and switching conditions. The control effect is the
control goal of the whole switching process, that is, in the switching process, the continuity of load
voltage-time should be ensured, and instantaneous power interruption should not occur. When this
occurs, the switching process is called seamless. At the same time, the waveform quality of the local
load voltage should be ensured, that is, the amplitude and phase should not have large fluctuations.

EMS
Control @
command T,gcal
Grid-
conneced

' ( (A0 <|te) &&(AU, <|to] ) >
Operation ocM cem
mode
< (AU <|£xX|%) & &(At < 7) Je—
Control The amplitude and phase of the load voltage do not

fluctuate greatly, and it is ensured that the power grid will not]
be impacted during the mode conversion.

effect

Figure 3. Logic diagram for the seamless switching of the grid-connected converter (GCC).
4. Control Strategy of the GCCS

4.1. Operation Characteristic Analysis of the GCCS

The GCC needs to be connected to the grid through switch equipment. The switch equipment
must have the ability to allow large currents to pass and turn off reliably. Therefore, in the selection of
switch equipment, the action time and current carrying capacity need to be considered. As shown in
Figure 4, SCR is the ideal choice for a grid-connected control switch.

G

SCR1
Tl T2

SCR2

Figure 4. The silicon-controlled rectifiers (SCR) switch.

It can be seen, from Figure 4, that since two cells in reverse parallel are integrated into the die,
the SCR switch can be controlled by one gate, G, in turn. When the GCC is connected to the grid,
a high-level signal is applied to the gate. Within the half cycle of the grid voltage, there is one SCR
inside each switch that bears the forward bias voltage, that is, the two SCRs turn on alternately to
realize the connection control of the MG and the grid. However, SCR can only be controlled by a gate
signal, but it cannot be turned off. When the gate trigger signal is removed, the SCR will not be turned
off immediately. The off time depends on the time when the gate trigger signal is removed. As shown
in Figure 5, after the trigger signal is removed, the three-phase current through SCR is turned off
in turn.
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Figure 5. Current waveform of the SCR, when it is free to turn-off.

The essence of the switching control that allows the GCC to switch from the GCM to the OGM is
the ability to switch from the current source to the voltage source. Only when the three-phase SCR is
completely turned off can the GCC switch from the GCM to the OGM. Therefore, when the three-phase
SCR starts to turn completely turn off, the GCC is still in the current source mode. As shown in
Figure 6a, taking a single phase as an example, when the energy emitted by the MG exceeds the
load demand, the excess energy is injected into the grid. Before SCR disconnection, the following
equation holds:

il = il,o,a,d + ig (1)

where 7y is the output current of the GCC; 7, 5 4 is the load current, and i is the grid current, because
il 2 il,o,a,d (2)

vxe 3)

where v is the voltage of load, and e is the voltage of grid.

I * ly I * ly
+ + + +
c=||v e@ c=[]v e@
§ iLu‘a‘d 3 iIoad
(a) (b)
Figure 6. Schematic diagram of the mode switching of the GCC. (a) Working state 1. (b) Working
state 2.
Equation (4) can be obtained from Equations (1) and (3):
V= ilgqd*R = (i1 —ig) * R (4)

where R is the local load.

When the SCR of this phase is disconnected, the GCC still adopts the current source control mode
because the SCRs of other two-phase has not been completely disconnected. At this time, the following
equations are valid:

il,o,a,d =1 )

0 =1l]padq*R=1i1*R (6)
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It can be seen from Equations (1), (3), and (6) that
v>e @)

Av = igsR )

where Av is voltage fluctuation amplitude.

It can be seen, from Equations (7) and (8), that the local voltage of this phase will rise abruptly
after the SCR of a certain phase is first turned off, and the amplitude of the sudden rise in voltage is
linearly related to the grid-connected current. When the voltage amplitude rises to a certain extent and
exceeds the regulation range of the converter, the converter will be oversaturated, and the load voltage
amplitude will become half of the DC bus voltage. Such a high voltage will threaten the power supply
safety of the load.

As shown in Figure 6b, when the energy emitted by the MG is less than the load demand,
insufficient energy is provided by the grid. Under this condition, when the SCR is not disconnected,
the following equations are valid:

il,o,a,d =i+ ig (9)
il,o,a,d 2 il (10)
U =1i0ad*R = (i1 +ig) *R (11)

When this phase SCR is disconnected, the other two-phase SCR is not completely disconnected,
and the GCC still adopts the current source control mode. At this time, the following equations
are established:

oad = i1 (12)
0= Z'l,o,a,d *R=1i1*R (13)

It can be seen from Equations (9), (10), and (13) that
v<e (14)

Ao = —igsR (15)

It can be seen, from Equations (14) and (15), that in the process of the GCC switching from the
GCM to the OGM, when the SCR is not completely turned off, the phase voltage will sag after the SCR
of a certain phase is first turned off. The amplitude of the voltage sag is linearly related to the grid
current, and the voltage sag will affect the power supply stability of the local load.

4.2. The Control Strategy of Forcing the SCR to Shutdown

During the time when the three-phase SCR is turned off sequentially, the problem of a sudden rise
or sag of the load voltage will occur. Therefore, the turn-off time of SCR must be shortened as much as
possible to prevent sudden rise or sag in load voltage. A converter circuit is usually added to apply
reverse voltage, which allows the current flowing through SCR to be adjusted, and the conductive SCR
is forced to turn off quickly. However, adding a converter circuit will increase the volume and cost of
the GCC and the coordination control difficulty. Therefore, this paper proposes a novel SCR-FSCS,
without adding any converter circuit. The SCR-FSCS is completely implemented by digital programs,
forcing the three-phase SCR to be turned off before the load has over-voltage or under-voltage.

As shown in Figure 7, the grid-connected current ig is injected into the power grid through the
Lg and SCR. When the SCR trigger signal changes from high to low, as long as the counter voltage is
formed in the inductance Lg, the SCR can be turned off quickly. Since the grid voltage is relatively
fixed, the core idea of the SCR-FSCS is to adjust the load side voltage to form a back voltage on L.
The back voltage forces iy to decrease rapidly, which makes the SCR quickly change from the on
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state to the blocking state, thus breaking the connection with the grid. Because the grid voltage is an
alternating current, the amplitude and phase angle change in real time. To force the SCR to shut down,
it is necessary to study how to change the load voltage to form back voltage at both ends of Lg, as well
as the factors affecting the off time.

Figure 7. The single-phase grid connection diagram of GCC.
As shown in Figure 7, according to the Kirchhoff voltage law, the following equation holds:
ULg=0v-—¢ (16)

where e is the grid voltage; vp ¢ is the voltage of Lg, and v is the load voltage.
The phase e is set to 0 and the amplitude to E, and the following equation holds:

e = Esinwt (17)
The phase of ig is set as @, and the amplitude is Ig, the following equation is valid:
ig = Igsin(wt + &) (18)
The phase of v is set as 0, and the amplitude is V, and the following equation holds:
v = Vsin(wt + 0) (19)

From Equations (16)—(19), it can be seen that:

V= (B2 20LglgE sina + @?Lg?l,2

wLglg cosa (20)
0= arctanE_ZnggW
The voltage vy ¢ at both ends of Lg is
ULg = Vsin(wt + 0) — Esin wt (21)

After the change of the load voltage, the amplitude is set as V’, and let V' = xV. To facilitate the
theoretical analysis, x € (0,1) U (1,2), and the voltage V1 ¢ at both ends of Lg is

o g = xVsin(wt + 0) — Esinwt (22)

A large actual load voltage fluctuation should not occur, and the value range of x should be
determined according to the tolerance of the local load to voltage fluctuation. In this paper, the voltage
fluctuation range is not more than 20%. Thatis, x € (0.8,1) U (1,1.2).

When the grid-connected current drops to 0, and the time At is short enough, the following
formula holds: ) )

L Aig _1 0—ig 23)
& AZ)L,g & ZJL,g’ — ZJL,g

At =
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where Aig is the fluctuation amplitude of ig, and Avy g is the fluctuation amplitude of vy .
By introducing Equations (21) and (22) into Equation (23), we can obtain the following results:
I sin(wt + a)

8(1-x)Vsin(wt + 0)

Af = (24)

According to Equation (24), there are two cases, which are as follows:

(1) Whenig-v>0,ie,igand v are in phase, the amplitude of the load voltage was reduced to make
it lower than e.

(2) Whenig-v<0,i.e., igand v are in the inverse phase, and the amplitude of the load voltage is
increased to make it higher than e.

As shown in Figure 8, in regions ¢; and t3, the two are in an the inverse phase, and the amplitude
of v needs to be increased; in areas ¢, and f4, both are in phase, and the amplitude of v needs to
be decreased.

T T T

\% E E t,,t;:Increase the amplitude of v

Etz ,t;:Decrease the amplitude of v|

Voltage

Time

Figure 8. Schematic diagram of capacitor voltage amplitude adjustment area.
The sine component in Equation (24) is ignored, because the time is short enough:

I
ngg_x)x S (O, 1)

I
LgWg_l)x € (1, 2)

At — (25)

The maximum Ig m,a,x is determined by ground short-circuit current of the load voltage as shown
in Equation (26).
14
I = — 26
g,m,a,x a)Lg ( )
It is assumed that Iy is y times the maximum value Igmax, i-€., Iy = Ylgmax, where y < 1.

From Equations (25) and (26), we can get
Y
——x € (0,1
At = { an < 01) (27)

Figure 9 can be obtained from Equation (27); according to the size of Iy, the time that it takes
for the grid-connected current to drop to 0 in a different range of load voltage amplitude can be
obtained. When the amplitude of the load voltage changes from 10% to 20%, the time that it takes for
the grid-connected current to drop to 0 is within 3 ms, which is significantly shorter than when the SCR
is free to turn off. When the amplitude of the load voltage changes in a certain range, the turn-off time
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of the SCR depends on ;. The larger the grid current is, the longer the turn-off time is. It should be
emphasized that, in Figure 9, when x = 1, the turn off time At is infinite. In fact, in Equation (27), x =1
is not in the defined region. When x = 1, the scope of the strategy of forcing the SCR to shutdown is
beyond the defined region, and the SCR is free to turn off.

0

=01

=
n

w
W e

n
n

Turn off time/ms

= n

1] 02 04 06 0B

Figure 9. The change curve of the off time corresponding to the capacitor voltage and

grid-connected current.
5. The Control Strategy of GCC

5.1. The Novel Three-Loop Control Strategy for GCC

As shown in Figure 2, Equation (28) can be obtained from the Kirchhoff voltage law for the
grid-connected inductor Lg.

di,
Lg ;ta =0V, —€;
di
Lg—2 =, —ep (28)

LgT = Uc — €¢

where iga, ig, and ig ¢ are the three phases current of Lg; va, v, and v are the three phases load voltage;
and ey, e, and e are the power grid voltage. Park transform was used to obtain the following results.

dig,d .
{ v = LgT + wLgigq + €4 (29)
_ el ;
0q = Ly —wlgigq +eq

In the dq coordinate system, v4 and vq are the components of v in the d and q axes; iy 4 and igq
are the components of the ig in the d and q axes; eq and eq are the components of ¢ in the d and q axes.
The voltage of the grid-connected inductor is defined as Equation (30):

di
_ gd :
{ ULgd = Ly~ + @lgigq (30)
— 7 M8q _ ;
ULgq = Lg— — wlgiga

As shown in Figure 10, It can be seen from Equation (30) that the real-time control of the vy ¢ can
be realized by the direct control of ig, which is completed by the current controller. Then according to
Equation (30), the feedforward of the grid voltage eq q is introduced, and their sum is set as the voltage
of the voltage controller ¢4 4. Then, the inductor current control at the converter side is introduced to
form a TLCS for the GCC, as shown in Figure 10. The control strategy maintains a good continuity
with the dual-loop control system in independent operation, which is useful for realizing the seamless
switching control of the GCC.
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Figure 10. Schematic diagram of the connection between the GCC and power grid.

The TLCS is shown in Figure 11. It is an optimized combination of voltage source control and
current source control, which has the advantages of both. It can directly control the grid-connected
current in real-time, with a fast response speed, and it is not affected by system parameter changes and
grid voltage fluctuations. When the GCC changes from GCM to OGM, the back voltage can be formed
at both ends of Lg by changing the given value of the voltage loop. The SCR-FSCS proposed in the
previous section can be realized to make SCR turn off quickly and complete the mode switching of
the GCC. When the GCC changes from the OGM to the GCM, the given voltage loop value can be
adjusted in real-time to keep it consistent with the grid voltage all the time and avoid the impact of the
grid-connected current during mode switching.

AY|
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PP (e Pl 5 B 5|

Figure 11. Control block diagram of three-loop control strategy (TLCS).
5.2. Design and Stability Analysis of the New Three-Loop Control Strategy

After the GCC adopts the TLCS, it is a high-order system. In order to reduce the difficulty of
control parameter design, the strategy is designed by using the equation of state in the synchronous
rotating coordinate system. The specific flow is shown in Figure 12. Firstly, the state space equations of
the open-loop and three-loop control of the GCC are established and linearized. Then, the closed-loop
control state equation of the GCC is integrated. According to experience, the three-loop control
parameters are selected, and stability analysis is carried out. If the system stability meets the
requirements, this group of parameters will be selected; otherwise, the next group of control parameters
will be selected, and stability analysis will be carried out before the selected parameters will be
considered to have met the stability requirements.
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The openrloop state-space equation of the converter
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Figure 12. Flow chart of control parameter design for GCC.

The stability of the GCC is analyzed, and the open-loop state-space equation and control link
state-space equation of the GCC are established, as shown in in Appendix A. Moreover, the meaning
of each variable is shown in Table Al in Appendix A. The state matrix of the GCC can be obtained
by linearization and integration, as shown in Equation (A3) in Appendix A. The eigenvalues of the
GCC can be obtained using Equation (A3). As shown in Table A2, the real part of each eigenvalue is
negative. It is far away from the imaginary axis, which had a sufficient stability margin. This indicated
that the selected control parameters can meet the control and stability requirements of the GCC.

6. Seamless Switching Control of GCC

6.1. Control Technology for Switching from the GCM to the OGM of GCC

Combined with the SCR-FSCS and TLCS, the control technology for switching the GCC from the
GCM to the OGM is proposed. As shown in Figure 13, 0 represents the OGM, and 1 represents the
GCM. The states of the grid voltage are represented by 0 and 1, 0 representing fault and 1 representing
a normal state. When the GCC works in the GCM, the SCR switch trigger signal is high. The S
selects GCM 1. When the grid fails or the operation command is changed to the OGM, the trigger
signal of the SCR switch changes to a low level, and the mode selection switch 5, selects the OGM
0. The off-grid control strategy of the GCC is the load voltage outer loop and inductor current inner
loop. According to SCR-FSCS, when S, selects mode 0, the given load voltage U:Lq changes from
(kp +ki/ s)(i*g, dq~ igdq) T €dq to xeqq- A back voltage is formed at Lg. The GCC completes the
conversion from the GCM to OGM. At this time, the load voltage setting selection switch S; is changed
from x-e4 q t0 Vg ,qret, and the load voltage quickly returns to a normal level. The phase of e when in
the OGM must be considered in connection with the given value of the load voltage v4,qre . If the
phase of e when in the of OGM is set as 0, then

[ Vdref ]:| Vcos6 ] (31)

Ugref —Vsin 6
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where V is the rated amplitude of load voltage, and 0 is the initial phase.

CCrid faiure> SCR trigger signal » J

Ig‘a
[
| Labc 1 i

¢

0 Vi iLaq
S, o—() > Park SPWM
1 - N
Vg

haq

Inverter

Figure 13. Logic diagram: from the grid-connected mode (GCM) to the off-grid mode (OGM).

6.2. Control Technology for Switching from OGM to the GCM

When the grid voltage returns to normal, GCC needs to be re-connected to the grid. The control
strategy conversion and SCR connection should be realized at the same time to ensure that the SCR
will not produce a grid-connected current impact at the moment of connection and realize a smooth

transition of the load voltage.
v—e

' = Tal, (32)

The grid-connected current can be expressed by Equation (32). The grid-connected current value at
the moment of grid-connection depends on the difference between v and e. The equivalent impedance
of the Lg is very small, and the slight will cause a great impact on ig. Therefore, when the GCC is
switched from the OGM to the GCM, v should first be adjusted to allow it to gradually synchronize
with e. Unlike the strict requirements for the conversion time, when switching from GCM to OGM is
carried out, the conversion time is not strictly limited to switching from OGM to GCM. This is mainly
due to the need for maintaining a smooth transition of the load voltage waveform and phase.

The control strategy of the GCC from OGM to GCM is shown in Figure 14. Mode 0 represents the
OGM, and mode 1 represents GCM. A 0 command represents a fault, and a 1 command represents a
normal power grid. When the GCC receives the grid-connection command, it will gradually adjust
the given load voltage v4 q e f to track the grid voltage step-by-step. When the error is small enough,
a high-level trigger signal will be send to the SCR, and S, changes to GCM 1. The GCC control strategy
is changed from the double-loop voltage source control to three-loop current source control strategy.
The GCC turns into a grid-connected operation mode. It should be noted that we would rather make
the tracking time of tv to e longer, rather than shorter, because the phase should be adjusted slightly to
prevent the phase-sensitive load from being affected. The given value vg4 g Of the load voltage can
be expressed by Equation (31).
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SCR trigger signal

Synchronization
signal

(AO < |+e]) & &(AU, < [*o|

3 Vd.q,r,e,f

00 - o
vd,q < I1.d,q <
S, (%) > Park [ SPWM [ Inverter
01 - -
1 Vd,q il-dv'il
. +

- +
'g‘d.q ed.q

Figure 14. Logic diagram: from the OGM to the GCM.

7. Experimental Research of GCC

As shown in Figure 15, a 100 kW GCC is built for the relevant experimental verification. The main
control chip model of the GCC is TMS320F28335 (Texas Instruments, Dallas, TX, USA). The SCR model
is MCC162-16io1 (IXYS Corporation, Milpitas, CA, USA), and Table 1 shows the specific parameters.
Table 2 shows the main parameters of the GCC.

.

Figure 15. The GCC experimental platform.

Table 1. The parameters of SCR switch.

Parameters Numerical Value
Forward blocking voltage/V 1600
Forward rated current/A 180

Conduction voltage drop/V 1.03
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Table 2. The parameters of GCC.

Parameters Numerical Value

Rated phase voltage at AC side/V 220

The rated voltage at DC side/V 750

Rated output power/kW 100

Rated frequency/Hz 50
Switching frequency/kHz 6

LCL wave filter inductance at machine side/mH 0.6
LCL wave filter inductance at grid side/mH 0.5
LCL filter capacitor/uF 60

Outer loop parameters of grid-connected current Kp=0.3;Ki=0.313
Middle loop parameters of local load voltage Kp = 0.125; Ki = 0.0078
Current inner loop parameters of filter inductor Kp =0.25; Ki = 0.313

7.1. Experimental Analysis of Operating Characteristics of the SCR

The parameters of SCR are shown in Table 1. It is connected to the three-phase circuit for the
on-off test, as shown in Figure 16. When the SCR trigger pulse achieves a low level, the three-phase
current will not be turned off immediately, rather, it will turn off naturally with the zero-crossing point

of each phase current. The time taken to turn off the three-phase current depends on the time it takes
for the driving pulse to achieve a low level.

YOKOGAWA 4 90kS/s S5Aliv
i ] [ [ o <zzizmsky : : “#5N5Ati

Figure 16. SCR, when it is free to turn off the waveform.

When the GCC adopts the current source grid-connected control strategy, the SCR trigger pulse
achieves a low level, and the voltage of load experimental waveform is shown in Figure 17. If the GCC
injects energy into the grid at this time, when SCR trigger signal achieves a low level, the load voltage
will jump. If the GCC absorbs energy from the grid and supplies power to the load together, when the
SCR trigger signal achieves a low level, the load voltage will sag. A voltage surge or sag will affect

the power quality of the load voltage, which proves the rationality and correctness of the theoretical
analysis in this paper.
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Figure 17. Load voltage waveform when the SCR is turned off. (a) Working state 1 (energy is injected
into the power grid). (b) Working state 2 (energy from the power grid).

7.2. Experimental Study of Switching the GCC from the GCM to the OGM

The experimental waveforms of the load voltage and grid current are shown in Figure 18. When the
SCR trigger signal changes from high to low, load voltage still exists. Its phase is also consistent with
that during grid connection, thus ensuring the continuity and reliability of the load power supply.
Under the action of SCR-FSCS, all three phases of the grid-connected currents are rapidly reduced
to zero, and the GCC then converts to the OGM. The grid-connected current, total harmonic current
distortion (THDi), is shown in Figure 19. It is 3.0%, thus, meeting the grid-connection standard.

9 100v/ § 100v/ | 100v/ [§ S00V/ - -3818s 50008/ Stop

SCR trigger pluse va vlb ‘le l iili
AU N NN R /
\\ X 4 ) ) .. % wwwwwywwyw\hywwy Wi SCR trigger pluse
N\ SN/ NSNS\ SN S —

Figure 18. The waveform of the GCC changes from the GCM to the OGM. (a) Experimental waveform
of the load voltage. (b) Experimental waveform of the grid current.

Harmonics
A THD  3.0%F0R K 1.1

Puri O 0:35:50 up E=-E
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g 50% ..................................................
........ B e g e g e g g
THDDC 5 9 13 17 21 25 29 33 37 41 45 49
0821720 03:41:02 2300 50Hz 30 WYE  EHS0160

_A FEE HOLD
SRRV mrinr ) (METER RUN

Figure 19. The THDi of the grid current.
7.3. Experimental Study on the GCC Switching from the OGM to the GCM

The experimental waveform of the GCC switching from the OGM to the GCM is shown in Figure 20.
The SCR trigger signal changes from low to high. At the moment of grid connection, the given value
of the local load voltage changes from vqq e to (kp + ki/s) (1; dq~ igd,q) +edq- According to the
experimental waveform, the voltage of load does not change significantly during the switching process,
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and the grid-connected current increases gradually, which indicates that the proposed control of the
switching from the OGM to GCM achieved a good control effect. The grid-connected current, THD;,
is shown in Figure 21. It is 3.2%, thus meeting the grid-connection standard. The effectiveness and
rationality of the strategy are therefore proved.

0 100v/ § 100v/ [ 100V [ S00V/ - 1134s S0008/ Stop

/. —
SCR trigger pluse
~ v V2 [ |
) \/\/\(/ \ /| SCR trigger pluse AN A /\, AN\
/ \ { X YYYXY (X
&\/ / \—/ VWAV
(@) (b)

Figure 20. The waveform of GCC changes from the OGM to the GCM. (a) Load voltage waveform. (b)
Grid-connected current waveform.

Harmonics }
A THD  3.2%fFIR K 1.1
Pur & 03422 Up =<
Ao e po=2020202000520300020220009020205200 0905000090300
fhooos E1Ed bosooooo00es000000000500000000a500000500a00000a300
L IR B T R e T R TR R EERR TERR TR EERE T
THDDC 5 9 13 17 21 25 29 33 37 41 45 49
08421420 03:39:34 2300 50Hz38 WYE  EN50160
AlB C HOLD
U AW Sy e | METER RUN

Figure 21. The THDi of the grid-connected current.
7.4. Experimental Study on the GCC with a Nonlinear Load

When the GCC switches seamlessly, the experimental waveform of the nonlinear load is shown in
Figure 22. When the GCC changes from the OGM to the GCM, the SCR trigger signal changes from
low to high, and the nonlinear load current remains continuous, which indicates that the load power
supply remained continuous during the switching. The THDi of grid-connected current is shown in
Figure 23. It is 3.9%, thus meeting the grid-connection standard.

500v/ H 200A/ H 200A/ B 200A/ 5

SCR trigger pluse
SCR trlggeléluse
4 //\\\ / //\\ / (/\\ / //\‘ / I //\ /\///\\
/ N Y \ X Y \ /
MANMAAAAAAN NAA \l/l X
il,a il,b il,c il,a il,b il,c
(a) (b)

Figure 22. Nonlinear load current waveform during the seamless switching of the GCC. (a) Nonlinear
load current waveform (from the OGM to the GCM). (b) Nonlinear load current waveform (from the
GCM to the OGM).
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Figure 23. The THDi of the nonlinear load current.

8. Conclusions

In this paper, on the basis of considering the characteristics of the SCR, the SSCT for GCC is
proposed. Through the research work carried out in this paper, the following conclusions can be drawn:

(1) Affected by the zero-crossing shutdown characteristics of the SCR, when the GCC in the MG
switches between the GCM and the OGM, the load voltage will suddenly drop or rise, which will
affect the reliability of the local load.

(2) The turn-off time of SCR is closely related to the local load voltage and grid-connected inductor
current. The SCR-FSCS greatly reduces the turn-off time of the SCR by forming a back voltage at
both ends of the grid-connected inductor to ensure the stability of the load power supply.

(3) The TLCS can easily switch between the current source three-loop control mode and the voltage
source double-loop control mode. At the same time, the stability of the TLCS is analyzed,
which provides a reference for the selection of key parameters of the control strategy.

Through the research of this paper, it can be known that after the GCC adopts the proposed SSCT,
the reliability of the local load power supply is guaranteed. However, when the load is a nonlinear load,
the THDi of the current is still large. Therefore, the focus of future work is to improve the adaptability
of the strategy and reduce the THDi of different types of loads.
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Appendix A
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3 = ~1i1d ~@ig + 7(vd —Vea)
H,q _ . R 1
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0 1/ .
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dnd = dNdp +dNd,i

dNdp = knap(T1,d —i1,4)
dirg as . .
— = kna,i(i*1,d — i1,d)

dN,q = dN,q,p + dN,q,i

dN,q,p = kN,q,P(i*l,q - il,q)
N,q,i . .
- = kngi(f'1,q—11q)

1,4 =11dp 11,4

14p = kz,dp(v'd —0d)
di*y 44

= =k,q,i(v'q —0q) (A2)
",q=T1qp +171qi
"1,9p = Kz,qp(v"q = 0q)
Mqi .
ai = kzqi(v'q—7q)
U*d = U*d,p + U*d’i
Z]*cl,p = kw,d,p(i*g,d - Z‘g,cl)
dv*d,» . .
= kw,d,i(l*g,d - lg,d)
V'q = V'qp + Vg
. N
Uqp = kw,qp(i*gq = igq)
Vqi (i o
@ = kwai(fgq ~lgq)
Table Al. Variable definitions.
Variable Definition Description Variable Definition Description
Machine side inductance " . -
R i, . 14 Given g-axis inner loop current
parasitic resistance ’
S " Given proportional component of
L Machine side inductance "1,dp . .
o the inner loop current of the d-axis
. . . Given integral t of th
C Filter capacitor *1,4 tven mregral component of the
o d-axis inner loop current
R Grid-side inductance k Proportional coefficient of the PI
& parasitic resistance zdp regulator in the d-axis
i I 1 coeffici f PI 1
Lg Grid-side inductance ky i ntegral coefhcient of Pl regulator
(e in d-axis
. d-axis machine-side . . ..
i1d inductance current [ Given d-axis middle loop voltage
; g-axis machine-side - Given proportional component of
Lq inductance current Lap the g-axis inner loop current
. . " Given integral component of the
U4 d-axis capacitance-voltage "1,q L
& g-axis inner loop current
. . PI proportional coefficient of
Uq g-axis capacitance-voltage kz,qp . .
control loop in q axis
; inductor current of grid side in ko Integral coefficient of the PI
&d d-axis grid side Z4t regulator in the g-axis middle loop
; q-axis grid-side o Given voltage in the g-axis
&4 inductance current 1 middle loop
. . Given proportional component of
- v . L
N d-axds duty cycle dp voltage in the d-axis middle loop
d-axis duty cycle . Given integral component of
dndp y ¢y Uds 8 p

proportional component voltage in the d-axis middle loop
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Table Al. Cont.
d-axis duty cycle outer control loop PI regulator
anai . kw,d : SR .
A integral component WP proportional coefficient in d-axis
k Inner control loop PI regulator o o Integral coefficient of PI regulator
Ndp proportional coefficient in axis widd of outer control loop in d axis
Integral coefficient of inner " . .
knasi loop PI regulator in d axis 'ed Given d-axis outer loop current
- Given d-axis inner o Given proportional component of
1d loop current P the g-axis outer loop voltage
ing q-axis duty cycle g Given m.tegral component of the
’ 4 g-axis outer loop voltage
i g-axis duty cycle k Proportional coefficient of outer
Nap proportional component WP loop PI regulator in g-axis
A g-axis duty cycle o Integral coefficient of outer loop PI
Nl integral component WAt regulator in q axis
Proportional coefficient of . .
k inner loop PI regulator i Given g-axis outer loop
NaP op T T8 84 the current
in g-axis
ke Integral coefficient of inner
Nagi loop PI regulator in q-axis
A Ap
A= A3
where

Al =

Ay =

—(§ - feknape™y)

—w 1+ feknapokyape s 0 1ok p ok p ok, d p® 2 0
@ —(R - Fekngre™s) 0 1+ Jekngrokoqpe "5 0 1 kg poksqp ok qpe 5
i 0 0 @ i 0
0 -1 -w 0 0 L
0 0 -4 0 - ',i: -w
0 0 0 - w -
o g 0 — L okn 4 pe g 0 — 1 okna,pokz,ape 5 0
0 b0 ek 0 ok qrokigpe s
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
_kN,d,i 0 _kN,d,i ‘kz,d,p 0 _kN,d,i .kz,d,p ‘kw,d,p 0
0 _kN,q,i 0 _kN,q/i 'kz,q,p O _kN,q/i 'kz/q,p 'kw,q,p
0 0 —kz,d,i 0 —kz,di%w,dp 0
0 0 0 —kz,q,i 0 _kz,q,i Okw,q,p
0 0 0 0 —kyw a,i 0
0 0 0 0 0 _kw,q,i
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kngi 00 kndi®kzdp 0
0 kN,q,i 0 kN,q,i.kZ,q,p
0 ky 44 0
0 0 Kpgi
0 0 0
0 0 0

O O O O o O
O O O O O O
o O O O

Table A2. Eigenvalues of the state matrix.

Eigenvalue Variable Eigenvalue Value

M -5.99 x 10°

Ao -6.00 x 10°

A3 —-8.42 x 102 + 5.75 x 103
Ay —-8.42 x 102 + 5.75 x 103
As —1.24 x 10% + 5.6085 x 103
Ag -1.24 x 10% - 5.6085 x 10%i
Az -7.38 x 102

Ag —3.34 x 102

Ag -3.13 x 103

Ao -3.13 x 103

A1 —1.96 x 10% + 4.49 x 10%
A2 —1.96 x 10% — 4.49 x 10%
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