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Abstract: Wider applications of integrated microgrids have been significantly restricted by converters
with the sole function of power regulation. In microgrids with distributed generation and energy
storage equipment, it is crucial for converters to be capable of reactive power compensation, harmonic
suppression, voltage support, and other functions simultaneously. To achieve this, it is essential to
modify the discrepancy between different control modes, both in control architectures and input
signals. However, previous researches have focused on the stability and robustness of the system’s
operation, rather than the instantaneous tracking performance of instructions during the mode
switching. Instead, a unified control strategy based on the two-degree-of-freedom theory is conceived
in this paper, to impose no reconfiguration of the inner current loop, so that the inherent stability
can be guaranteed. In the proposed strategy, mode transition is replaced by the readjustment of
referring instructions, and the complex tuning of filter parameters is abandoned. Thus, a desirable
performance in a wide range of operating conditions for the microgrid system is provided and the
effects of the disturbances associated with the mode transitions are eliminated. The simulations
studied in MATLAB and experimental evaluations of the prototype both corroborate the simplicity
and effectiveness.

Keywords: cascade multifunctional converter; unified inner current loop; two-degree-of-freedom
system; operating modes of microgrids; seamless transition

1. Introduction

In comparison to centralized power plants using oil, coal, and gas, an integrated
microgrid with renewable sources dominates the future paradigm for power generation
when considering greenhouse gas emissions and energy sustainability [1,2]. In a multi-
functional microgrid system, power electronic converters have played a key role not simply
in adjusting the power flow in the utility-connected (UC) mode, but also managing power
continuity with the energy drawn from a neighboring distributed energy system (DES) in
stand-alone (SA) mode [3,4]. However, unintentional and sudden changes in operating
modes result in undesirable mutations or oscillations, and may result in system degradation
or, even worse, failure [5,6]. Several practical methods have been applied in earlier studies
to mitigate the problem. Profitable switching moments are selected after the current drops
to zero when the microgrid converts from UC mode to SA mode [7]. The incrementing
and decrementing rates of the current and voltage reference are arranged under limiters
to avoid saltation from an abrupt change in [8], which ends up being detrimental to the
power quality.

Collaborative control schemes of the converter are generally known as effective so-
lutions to the transference of modes. For instance, PCC voltage controller is superposed
in parallel to the injection current reference generator in UC mode, and the load voltage
can be independently maintained in SA mode [9]. In [10], a control method based on a
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virtual synchronous generator (VSG) is employed both in the UC mode, SA mode, and
the transition between them. Furthermore, the power-based unified control scheme is
optimized by embedding an inner current controller to limit the cumulative increase in the
current [11,12]. In addition to the exclusive role in power sharing and circulation inhibi-
tion for the islanded converter(s), droop control can also be implemented to regulate the
injection current during UC mode, so that the main control structure remains unchanged
for distinguishing targets [13-17], while supererogatory modern control theories not only
lead to the robustness, but also the of the entire system [18,19]. On the other hand, more
stringent standards for the power quality of the microgrid have been issued as significant
nonlinear loads have emerged since the early days. Thus, converters are required for
the extra abilities of monitoring the factor, harmonics, and actively managing real power
interaction in UC mode [20-23]. However, the power-based droop strategy is considered to
be more capable of regulating currents in fundamental frequency rather than harmonics,
which invalidates the aforementioned collaborative targets.

In fact, the mode transfer problem stems from the contradiction of input, output,
and disturbance in the control diagram of converters in the microgrid system. The two-
degree-of-freedom (2-DOF) control is a type of methodology that can achieve optimization
for multiple objectives simultaneously [24]. For the microgrids application, 2-DOF is
principally employed in combination with other control strategies to improve the power
quality and system stability in UC mode [25-27], whilst keeping the AC voltage undistorted
in relation to nonlinear loads in SA mode [28,29]. Interestingly, a type of unified strategy
based on inverse plant modeling is studied to avoid mode-switching oscillation, but not to
address the harmonic issues [30].

Motivated by the contribution of previous approaches and the urgent demand for
a multifunctional microgrid with one set of converters, a unified inner loop structure
based on the 2-DOF theory for UC mode, SA mode, and the mode transition is studied
in this paper to mitigate the problem of output voltage and current oscillation during
the mode transition and reference saltation. Instead of reconfiguring the controller, the
switching of operation modes is translated into the change of inner referring instructions,
while the imperfection of the PCC voltage are translated into a perturbation concerning
the forward path. Proper tracking and interference rejection performances are fulfilled
by simply tuning the parameters of the proposed feedback or feedforward filters, rather
than adding to the infrastructure and complexity. Then, the coordinated functions, such
as voltage supply, power compensation, harmonic suppression, and seamless transition,
can then be provided as a result to avoid the influence on the local load, especially on the
sensitive and critical ones.

The contributions of this paper are as follows:

1.  Differences and internal relations between the control structures of the microgrid
converter in UC/CCS mode and SA /CVS mode are demonstrated for further research,
especially for the cascaded multilevel topology.

2. Unified inner loop based on the 2-DOF strategy of the multifunctional microgrid
converter for the transfer modes is established to obtain a satisfactory power quality
for both the steady and the transient processes.

3.  Detailed parameter tuning is deduced, as well as the influences on the tracking
and stability performances from the variations in the main circuit and controlling
parameters, which proves the practical feasibility of the proposed control strategy.

The rest of the paper is organized as follows: Section 2 introduces the topology and
the conventional operating modes of the studied system; in Section 3, the principle and
parameter tuning of the proposed 2-DOF unified inner current controller is analyzed in
detail, as well as the stability of the system; in Section 4, simulated studies and experimental
evaluations are investigated to confirm the feasibility and effectiveness of the proposed
control strategy, as well as the limitations of the research; And, finally, conclusions are
presented in Section 5.
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2. System Configuration

A representative single-phase configuration of a balanced network for a multi-functional
microgrid studied in this paper is shown in Figure 1. The line voltage of the AC bus was
10 kV and the upstream switch that interfaced the converter and critical/sensitive loads
to the utility was a set of high-voltage thyristors clusters (HVSTSs). With an LC filter, a
cascaded H-bridge multi-level converter (CHBMC) was employed because of its advantages
of modular design, easy expansion, and high fault tolerance in high-voltage or large-scale
microgrids [31]. Each cascaded H-bridge contains independent DC energy sources, i.e.,
distributed photovoltaic, fuel cell, biomass, super/ultra capacitor, or any other energy
source [32,33]. A central controller dominates the power flow and decides the operation
mode of the CHBMC by sending a transfer command to its controller.

—>
...... Ordinary ] >
3 Loads : Sensitive
— » Loads
T~ I e >
| (IE |
| I4
| I | Central | [ cHBMC
Controller Controller
\=v N
Upstream —»
Networks Critical
» Loads
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Figure 1. Architecture and connection of an integrated microgrid system with CHBMC.

It should be noted that unbalanced power cannot be regulated owing to the intrinsic
feature of CHBMC that there is no flow path for the zero-sequence current [33]. Further-
more, a compulsory disconnecting method was employed for the period between the UC
mode and SA mode if the semi-conducting switch could be turned off when receiving the
“off” signal, which is in reference to [34]. Hence, before introducing the main research
contents of this paper, the following assumptions are proposed:

1.  The three-phase system and local load are symmetrical;
2. The fault detection and HVSTS operation time is short and can be ignored;
3. The capacity of energy storage is sufficient to meet the load’s demand.

2.1. Control Strategy for the UC Mode

The analysis was initiated by looking at the UC mode shown in Figure 2, which is a
representation of a three-phase balanced circuit. u; is the output voltage of the phase leg.
HVSTSs are closed and the point of the common coupling (PCC) voltage u. is dictated by the
grid voltage us with the equivalent resistance R; and reactance Ls dominantly. Local loads
Z1 are powered from the utility and the converter takes charge of delivering/absorbing
energy to/from the host network as a controlled current source (CCS) by injecting an
active/reactive current ig1. The expression of i¢q is shown in Equation (1).

)
210) 3 ZO+ 22O + 205 W
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where Z1(s), Z(s), and Z(s) are the equivalent impedance of the filtering inductor branch
in the net frame of Figure 2.

Converter of Microgrid

Figure 2. Equivalent circuit of the microgrid system in UC mode.

With the sampling delay and inertia characteristics of the PWM control, Figure 3
shows the traditional control block with an outer active/reactive power loop and inner
inductor current loop [15]. The inner inductor current loop with controller G; regulates
the current obtained from the controllers of G, and G;. For the harmonic suppression,
the harmonic component i, |, can be calculated, separated, and added to the referring
instruction of the current loop. It is worth noticing that stability of the DC voltages is
the basis for the normal operation of the CHBMC. Thus, the modifying component ig¢
obtained in Figure 4 is superposed further to form a multi-closed-loop structure, where 6 is
observed by a Synchronous Sinusoid Generator (SSG).
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Figure 3. Block diagram of the converter in CCS mode.

Ugea tUg TU e
3 _?
(m=AB.C)

Figure 4. Block diagram of the auxiliary control for the DC voltage of the H-bridge.

U
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2.2. Control Strategy for the SA Mode

Figure 5 shows the equivalent circuit of the SA mode. HVSTSs are open so that the
microgrid and local loads are fully disconnected from the main grid as an insular scenario.
The desired terminal voltage and frequency for the load Z; are offered by the CHBMC as
a controlled voltage source (CVS) to ensure the immunity of the critical loads to power
interruptions and grid faults. The injection current ig; is expressed as Equation (2), which
is also the load current i,.

i (s) = Ze () 1(s)
& Z1(8)Zc(8) + Z1(8)Z1(s) + Z1(s) Zc(s)

@
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Figure 5. Equivalent circuit of a microgrid system in SA mode.

The traditional dual-loop control structure for the converter to operate as a voltage
source is shown in Figure 6, where the outer voltage loop supplies reference for the inner
inductor current loop [35]. The load current iz(ig) is usually sensed and added to the
reference with coefficient K, of the current control loop to improve the quality of the PCC
voltage [36].

Uc Cs
- R.Cs+1

Uref i_ GU(S) iret 1 —>Gi(S)—> Kown  |ui 3= 1

&K - Ts+1 0.5Ts+1 Ls+R,

Kz e

Figure 6. Block diagram of the converter in SA mode.

2.3. Instability of the Transition Modes
2.3.1. From SA Mode to UC Mode

When the microgrid system is about to reconnect to the utility from SA mode, it
experiences a current surge and backflow if deviations exist in the amplitude, phase, or
frequency between the PCC voltage and the utility voltage before turning on the HVSTS.
The so-called pre-synchronization [17,30] has been well studied to synchronously adjust
the output voltage of the converter, because of its controllable property as a voltage source.
After reconnecting to the utility, the operation mode of the converter changes to inject the
desired current. However, the referring instruction of the inner current loop undergoes a
certain degree of step changes during the utility reconnection.

2.3.2. From the UC Mode to SA Mode

Likewise, before disconnecting from the utility, whether planned or not, the equivalent
load of the converter can be observed as a parallel combination of local loads and the utility
with a small impedance in total. When the microgrid system is transferring from the UC
mode to SA mode, the equivalent load impedance is changing into the ones of local loads.
If the control structure switches from CCS to CVS in the instant of mode transition, the
output of the current loop inevitably reaches the limit as the input instructions of the two
structures are different, which also leads to a surging current, a worsening of the PCC
voltage, and affects the normal operation of the load [37].

3. Unified Inner Loop Based on the 2-DOF Theory
3.1. The 2-DOF Theory

Regarding the conventional feedback structure shown in Figure 7, the performance of
instruction tracking and disturbance rejecting cannot be optimal at the same time, which
is the so-called single degree of freedom. On the contrary, the above-mentioned control
targets can be achieved through the 2-DOF control by setting an extra feedforward or
feedback path to decouple the input, output, and interference signals [24].
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Figure 7. Block diagram of a conventional feedback plant.

Figure 8 shows the block diagram of the 2-DOF control with reference to feedfor-
ward instructions, rather than introducing a high frequency or abnormal distortion of
the feedback signal, which accommodates the closed-loop control system that contains
unintentional noises.

Figure 8. Block diagram of the reference feedforward instructions.
The transfer function can be expressed as:

_ Hi(s)P(s) + C(s)P(s) P(s)
Y6) = =S cmpe RO+ e P©) ®)

where R(s), D(s), and Y(s) represent the command, disturbance, and output variables,
respectively. Hi(s) is the feedforward compensator of input signal R(s), while C(s) is the
function of the feedback regulator and P(s) is the controlled plant. If there is no error
in the plant model, the immunity of the output Y(s) to disturbance D(s) simply relies
on the parameters of C(s). The tracking performance can be further enhanced through
the feedforward compensator after the parameters of C(s) are optimized according to the
performance of anti-disturbance. In this way, Y(s) is regulated by the 2-DOF algorithm.
The expression of Hj(s) can be produced on the principle that the error E(s) in Equation
(4) is a constant of zero (tracking the command perfectly) if the model of the plant P(s) is
invertible, as in Equation (5).

_ 1—H(s)P(s)

E(s) :R(S)fy(s) = 1+C(s)P(s R(S) 4)

Hi(s) = [P(s)] " 5)

However, the anti-disturbance performance of the system, as shown in Equation (3)
can be enhanced by increasing the proportional gain of C(s), which causes the poles of the
closed-loop transfer function to approach the virtual axis and influence the stability. In the
present study, to respect the generalized design concept of the 2-DOF control structure, a
feedforward compensator Hy(s) for disturbance rejection is also employed, as shown in
Figure 9.

Figure 9. Block diagram of the feedforward disturbance instructions.
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Equation (3) can be adjusted into:

_ Hi(s)P(s) + C(s)P(s)

P(s)
Y = =43 CHPe)

1+ C(s)P(s)

R(s) + [1 — Ha(s)C(s)] D(s) (6)

If Hy(s) = [C(s)] !, then the influence of D(s) on Y(s) can be ignored. The performance
goals are for all the frequencies and can completely suppress the effects of disturbance on
the output and make the output perfectly track the command.

3.2. Construction of the Proposed Strategy

As discussed in the above sections, the output variables cannot precisely follow
mutating instructions for the inner loop, and current mutations and power oscillations
may occur, accompanying the alteration of the control structures. Therefore, it can be
deduced that the inner current loop becomes the nucleus for the operation of different
modes, while the PCC voltage can be set as a disturbance of the forward path that fluctuates
with ambient conditions.

The inner current loops shown in Figures 3 and 6 are exactly the same, while the
input instructions from the outer loops are different. Additionally, the instability of the
microgrid system during the transition modes is attributed to the mutation of the inner
current instructing signal. In light of this, a unified inner loop control strategy based
on a generalized 2-DOF theory is designed in this paper, as shown in Figure 10. Hence,
the seamless transfer between operating modes can be facilitated more accurately for
both a disconnection and reconnection from the utility grid, by maintaining the structure
of the inner current loop, and the transfer modes of the microgrid are turned into the
infrastructure switching of the outer loop.

ire
Pre[fj—ﬂjg}-bep (S)—) abc ireff:s Cs
Q »(%—I_% R.Cs+1
— +
Qref%—}Gq (S)—> Pq iref_h 1
Ls+R,

Figure 10. Block diagram of the proposed unified control strategy based on the 2-DOF theory.

Owing to the high switching frequency, the inertia characteristics of the converter can
be approximately equivalent to a common proportional component with the gain Kppy,
while the injecting current I, can be reasonably assumed to approximate the inductor
current I} because the capacitor current of the LC filter is much smaller, in comparison
to the injecting current I,. The transfer function of the output current I}, with referring
instruction Ir and disturbance U, can be expressed as:

_ Kpwm[Hi(s) + Gi(s)]
Ls + Ry + KpwmGi(s)

KpwmHa(s)Gi(s) — 1

I ~ I
5(s) L(s) Ls + Ry + KpwmGi(s)

Ir(s) +

Uc(s) ()

where G; generally takes the proportional-integral (PI) controller. The error function E(s)
between I and I is:

(Ls + Rp) — KpwaHi(s)

E(s) = Ir(s) = I(s) = Ls + Ry + KpwmGi(s)

Ir(s) (8)
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Theoretically speaking, Equation (8) should remain valid in whatever form of Iz and
Uc if I1.(s) = Ir(s). Henceforth, the expressions of H;(s) and Hy(s) can be formulated as
Equation (10).

{ (LS + RL) - KPWMHl(S) =0 (9)
KpwmHz(s)Gi(s) =1 =0
K -1 L R
Hy(s) = (Llswl%) = Kownis T Kot (10)
1
K
Ha(s) = [Kewm (K + %) | = grmresrrommm

where Kp and K; are the proportional and integral gains of the PI controller.

It is indicated in Equation (10) that Hj(s) is exclusively relevant to the plant model,
while the structure of H,(s) depends on the parameters of G;. To solve the improperness
of the inverse model transfer function, a first order low-pass filter is contrived to yield
a modification for Hj(s), so that the problem of interference amplification caused by the
differential can be suppressed and the dynamic performance of the inner control section
can be improved with A. Hj(s) is adjusted as Equation (11):

H'y(s) = — ( L 4R ) (1)

- As + 1 KPWM KPWM

where 1/A represents the cutoff frequency of the filter, and then a perfect reference tracking
capability within an expected frequency range [0, 1/A] will be provided.

3.3. Design of the Proposed Control System

The existence of the equivalent loss resistance R¢ in the LC filter contributes to reinforce
the damping effect on the resonance, as well as the stability of the system. If the system is
stable when ignoring the equivalent loss resistance, then it should be stable for any other
scenarios. Therefore, in the subsequent discussion, R¢ is ignored. Table 1 shows the values
of the key parameters of the plant model.

Table 1. Key parameters of the studied control strategy.

Features Implication Values Unit
L Inductance of the LC filter 0.8 mH
Ry Resistance of L in the LC filter 2 mQ)
C Capacitance of the LC filter 20 uF

It can be observed in Equation (10) that there is no coupling between H';(s) and Hj(s),
while Hj(s) is merely related to the PI controller. Thus, these two feedforward compensators
can be separately and independently designed. Giving priority to the tracking performance
and adequate amplitude/phase margin, the unified inner current loop studied in this paper
is designed on the basis of a first-order system before subsequent research is conducted.

If taking no account of the disturbance signal i, the inner current loop in Figure 10
can be transformed into a simplified structure with unitary feedback, which is shown in
Figure 11.

iref KI 1 iL

H‘%’—'_ Kot 5 Ko 1505 R

Figure 11. Unitary feedback of the inner current loop with the PI controller.

\ 4

The equivalent transfer function of the inner current loop is expressed as:

~ KpwmKps + KpwmK;
Ls? + (Rp + KpwmKp)s + Kpwm Ky

Wci(s) (12)
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I1.(s)

Considering the proportional gain Kpyy of the studied CHBMC as 1, then the pa-
rameters of the PI controller are designed as Kp = 2 and Kj = 5, referring to the principle
of a typical first-order system. A corresponding bode diagram of the closed-loop transfer
function displayed as Equation (12) is shown in Figure 12, where the system is stable in all
bands of frequencies.

o)
E _10t
3
2
S —20f
I
>
_30 1
0
5
RS
o —45f
3
<
o
—90 N | N | M | N | M
10* 10° 10 10° 10° 10°

Frequency (Hz)
Figure 12. Bode diagram of the closed loop with the PI controller.

The feedforward compensator Hy(s) of the disturbance signal can be exclusively

expressed as:
0.5s
H =
Y.

In Figure 12, it is also indicated that error of tracking exists in the middle-frequency
band and the error increases along with the frequency. If the load in the micro-grid is
nonlinear, the tracking accuracy of the high-order harmonic signals is not ensured, which
explains the necessity of the input feedforward compensation of H';(s) to eliminate the
problem of error.

The closed-loop transfer function from iy, to ig with Equation (12) is modified as:

(13)

(L4 AKpwmKp)s? + (RL + KpwmKp + AKpwanKr)s + KpwmK;

Ir(s) T ALS + (L4 ARp + AKpwmKp)s? + (Rp, + KpwmKp + AKpwmKp)s + KpwmK;

(14)

According to the Routh Criterion, the system derived from Equation (14) is constantly
stable with A > 0, and the greater the value of A, the more stable the system. The transfer
function from the error to Ir can be expressed as:

E(s) As?(Ls + Rp) (15)
IR(S) o ()\S + 1)[[,52 + (RL + KPWMKP)S + KPWMKI]

In order to simulate the sudden change of input instructions in the inner loop during
the transfer mode of the microgrid, the curves of the unit-step responses with A set at
0.0001, 0.001, 0.01, and 1, respectively, are shown in Figure 13.
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Figure 13. Step response with the different values of A.

When A =1, the overshoot is eliminated, but the increasing time is longer than 10 ms,
which is almost half of the fundamental cycle and far beyond the time tolerated by the vast
majority of the sensitive load. Although it experiences a slow overshoot and fast dynamic
adjustment time of approximately 0.5 ms when A is 0.0001, a small value of A reduces the
decline of stability. Thus, the value of A in this paper is selected to be 0.001 as a tradeoff
and the whole regulating time is less than 1 ms.

The input feedforward compensation H’1(s) is expressed as:

_ 0.8(s+25)

!
H1(s) = =" o00 (16)

In order to verify the tracking accuracy of the sinusoidal signal in a steady state, a
sinusoidal signal with an angular frequency w is assumed to be equal to Iy, and the error
function in the frequency domain can be expressed as:

Aws?(Ls + Rp)

17
(hs + 1)(2 - 0212 + (Ry & KpwaKp)s + KpywniKi] (17)

E(s) =

The error function in the time domain through the inverse Laplace transformation can
be expressed as:

e 2200t 2wwe 1000t (2,500,000w — w?) cos(wt) + 3500w? sin(wt) a8)

" 3w? +18,750,000  3w? + 3,000,000 + (w? +1,000,000) (w? + 6,250,000)

The relationship between the error and angular frequency and time is shown in
Figure 14. It can be observed that the error peak value is restricted within the range of
—0.02~0.04% (maximum at the frequency of 350 Hz), which is totally acceptable in practical
applications. Moreover, the error gradually decreases as the frequency increases, while the
error basically remains unchanged for the same frequency as time progresses.

Likewise, the same results can be obtained for the cosine signals. Thus, it can be
concluded that the unified control structure of the inductor current feedback proposed in
this paper can ensure good tracking accuracy of the AC instructions in a steady state.
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Figure 14. Relationship between the error, frequency, and time.

3.4. The Influence of the Changing Plant Parameters

Due to the influence of the external working environment, such as temperature,
electromagnetic radiation, and operation aging, the parameters of the converter components
have a certain positive or negative deviation, which affects the control precision or stability
even more. For the studied strategy in this paper, the input feedforward compensator H';(s)
is vulnerable to the change of plant parameters, which influences the tracking performance.
The error function can be expressed with AL and ARy as:

Ei(s) (L+AL)s+ (R +ARy) — 5

(19)
Ir(S) (L +AL)s+ (R + ARL) + Kpwa (Kp + §)

where AL and AR; are the parameter offsets of the filtering inductor and its equivalent loss
resistance. Figure 15 shows the bode diagram of Equation (19) with different AL and ARy,
when the variation of both offsets are considered as —50%, —25%, 0, +25%, and +50% of the
initial values. It can be observed that the characteristic of the amplitude/phase frequency
has no obvious change with the change of L and R; in the frequency range of the AC
signals, while the speed of attenuation decreases minimally with the increase in L in the
frequency range under 1 kHz. Ultimately, the stability and robustness of the proposed
strategy against the model uncertainties of the converter are proved.

= :
Z
8
2 —— R =1.0mQ
c —— R =L5MQ | T
g R =2.0mQ
—— R =25mQ | 4
2 —R Z30mo
-160 L L L L L L T
—— L=0.4mH
90 —_— —— ——L=06mH | ] .
——L=0.8mH =)
457 L=10mH | ] 8
—— L=1.2mH
Or 1 § OF
—45+ 1 o —45-
-90 L L L L L - . -90 L L L L L e .
10? 10" 10° 10' 10° 10° 10°* 10 10? 10" 10° 10' 10° 10° 10* 10
Frequency (Hz) Frequency (Hz)
(a) (b)

Figure 15. Bode diagram when the parameters of the plant model change. (a) Different values of L.
(b) Different values of R; .
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4. Simulation Results and Experimental Verification

This section verifies the feasibility and correctness of the proposed strategy through
simulation and a low-voltage prototype experiment with the same control structure, but
less H-bridges in each phase. The parameters of the studied system are listed in Table 2,
respectively as supplementary to Table 1.

Table 2. The key parameters of the studied system.

Features Implication Values Unit
Usg Rated AC voltage of the utility 220 \Y
fo Rated frequency of the utility 50 Hz
Ny Number of H-bridges in each phase 3 —

Upc DC voltage of each H-bridge 200 A%

Csup Value of series DC super-capacitors 6.5 F
fs Switching frequency 5 kHz
tq Dead time of switching 3 us

4.1. Simulation Results

For comparison and substantiation, two traditional approaches, i.e., direct transition
and zero-current (current of loads) transition, are adopted with three common kinds of
load, i.e., resistance (R) representing the heating devices, resistance and inductance (R-L)
representing the induction machines, and nonlinear load representing the rectifiers. In
addition, harmonic suppression and reactive power compensation are implemented, once
CHBMC is operating in the UC/CCS mode. The simulation model is studied through the
MATLAB/SIMULINK toolbox. Without a loss of generality, the mode switches at the simu-
lated time of 0.325 s, when the voltage of the utility meets its peak value. All the following
waveforms are displayed and analyzed with the ones of phase A as representatives.

4.1.1. From the UC Mode to SA Mode

Figure 16 shows the simulation waveform of CHBMC when switching directly after
receiving the mode transfer command from the central controller with three different types
of load. Due to the different control structures of the CHBMC controller in different working
modes, the direct transition from the UC/CCS mode to SA/CVS mode leads to variances
in the input of the inner current loop, causing a short, but unneglectable, oscillation of the
PCC voltage Uy a. Similarly, it fails to solve the above-mentioned problems if the control
structure transfers after the load current I; o exceeds zero. Although there is no short
oscillation, the zero-current transition still distorts the output voltage waveform in varying
degrees, which is presented in Figure 17.

It can be deduced that the essential reason for the above-mentioned problem is that
the current output of the converter cannot rapidly track the reference variation, because
of the inherent inertia of the plant model. Then, undoubtedly, the output voltage cannot
meet the actual control requirements. However, Figure 18 shows that mode of transition
has a significant influence to modify the instant using the strategy proposed in the present
paper. After receiving the mode switching instruction from the central controller, the
CHBMC immediately alters its working mode. The PCC voltage U 4 is continuous, with no
interruptions or oscillations. The utility current Iga experiences no surge before decreasing
to zero, and the load current I} 5 retains its normal state without distortions.

4.1.2. From the SA Mode to UC Mode

To ensure a constant supply of high-quality power, the CHBMC should compensate
the reactive power or suppress the harmonics of the grid current, once it reconnects to the
utility in the SA mode. Under the circumstances, the problem of reference saltation is still
inevitable. For the convenience of the current analysis, it is assumed that the output voltage
of the CHBMC in the SA mode was synchronized with the utility, and the interconnection
switch was turned off before the mode transition occurred at the simulated time of 0.325 s.
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The simulation results of direct switching from the SA/CVS to UC/CCS mode is
shown in Figure 19. Despite there being no disharmony for the PCC voltage Uy 4 and load
current Iy a, there is an obvious fluctuation in the grid current Iss, which indicates that the
output current of CHBMC also contains this component, and the fluctuation is positively
correlated with the amplitude of the current instruction. On the contrary, the simulation
results of the proposed strategy are presented in Figure 20. It can be observed that the grid
current [gp barely has any fluctuations at the switching point, and the reactive power and
harmonic component can immediately be compensated, which theoretically proves the
feasibility of the control strategy proposed in the current paper.
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Figure 19. Direct transfer when the voltage is synchronized. (a) Load of R. (b) Load of R-L. (c) Load
of the three-phase diode rectifier.
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4.1.3. Saltation of the Input for the Inner Current Loop in the Steady Operation Mode

On the other hand, the mode transfer is infrequent in the entire operation cycle of the
microgrid system, of which the process simply lasts for several milliseconds. Contrastingly,
the steady operating state in the UC or SA mode is much longer and it is of a greater
possibility that a sudden change in the reference or supplied load will be experienced. The
simulation results are compared in Figures 21 and 22 by means of a traditional dual closed-
loop with PI controllers and a proposed unified strategy, respectively, when the input
signals of the inner current loops saltate. To be more similar to the practical application and
for the ease of analysis, two typical situations are simulated in this subsection: where the
injecting current reference decreasing in the UC mode, and the resistance load increasing in
the SA mode.
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Figure 21. Simulation results of saltation with the traditional dual close-loop PI controller.
(a) UC/CCS mode. (b) SA/CVS mode.

WAL

400

200

Voltage (V)/Current (A)
o

=
P :
|
] —200 +
L L . . . —400 + - - - -
Time (s) Time (s)
(a) (b)

Figure 22. Simulation results of saltation with the proposed strategy. (a) UC/CCS mode.
(b) SA/CVS mode.

As shown in Figure 21, when the input signal of the inner current loop changes,
the PCC voltage Upa appears to oscillate, whether in the UC/CCS or SA/CVS mode.
Meanwhile, the voltage oscillation also creates an unstable state, for a short period of time,
for the injecting current I5. In Figure 22, the oscillation or instability of the PCC voltage and
the injecting current are noticeably alleviated in both the UC/CCS and SA/CVS modes. In
addition, the transient processes in both modes are restricted to 50 us and exert no influence
on the power supply of the load.

4.2. Experimental Verification

To further verify the theoretical analysis and simulated results, an experimental proto-
type was built in a laboratory, while the parameters were the same as those in the simulation
model. The converter was built with dual-IGBT modules (FF300R06KT4 from Infineon)
and the control strategy was realized by DSP (TMS320F28335 from Texas Instruments) and
FPGA (EP3C25E144C8 from Altera). The DC energy storing devices were created with
super-capacitors and the load consisted of resistance and inductance as the simulations in
the previous section.
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4.2.1. Operation Mode Transition

Figure 23 shows the experimental results of the modes transfer between one another.
Initially, the microgrid system was in the UC/CCS mode. At the time of t;, it converted to
the SA/CVS mode, and back to the UC/CCS mode at the time of ¢,. Noticeably, the load
reactive power was compensated to ensure that the power grid current was a unit power
factor, while the super-capacitors on the DC side were charged to a set value when the
system was in the UC/CCS mode.
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Figure 23. Experimental result of the transition between the UC/CCS mode and SA/CVS mode.

Accordingly, the AC output voltage between the H-bridges of phase A and the neutral
point N is depicted in Figure 24, where the system transfers from the UC/CCS to SA/CVS
modes at time of t3 and returns to the UC/CCS mode at the time of t4. Therefore, it can be
observed that the continuity and quality of PCC voltage U} 5 are well guaranteed, while
the grid current Iss experiences no surge or oscillation, and the load current Iy 4 is basically
not affected by the mode switching. The performances can be assessed by the fact that the
mode transitions are seamless and the proposed strategy keeps the load protected from
any disturbances.

Voltage (100V/div)

- . 200V

Time (20ms/div)

Figure 24. Experimental result of the output voltage of the H-bridges when the modes are being
transferred.

4.2.2. Saltation of the Inner Current Loop Input in a Steady Operation

Figure 25 shows the experimental result that the current instruction for injecting active
power from the DC energy storing devices to the AC bus instantaneously decreases at time
of t5 in the UC/CCS mode.

i~

Voltage (100V/div)
Current (50A/div)

. LW .. P
&P woov

Time (20ms/div)

Figure 25. Experimental result of the current instruction decreasing when in the GC/CCS mode.
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Figure 26 shows that the local loads increases at the time of 4 in the SA/CVS mode.
By observing the experimental waveforms, it is evident that PCC voltage Up o and the
injecting current I remain unaffected and the transient processes are milder and negligible
when the instruction of the current inner loop varies in the two steady operation modes.
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Figure 26. Experimental result of the local loads increasing when in SA/CVS mode.

4.3. Limitations

Due to the inadequacy of the experimental conditions, the theoretical correctness and
practical feasibility of the proposed strategy were simply simulated and verified in the
low-voltage system of 220 V, while it was originally designed for a high-voltage system.
Thus, the experiments with a 10 kV prototype can be carried out in the next stage, after the
necessary re-configuration of the high-voltage system, which exhibits differences, such as
component selection, insulation distance, and a protection mechanism, when compared to
the low-voltage system.

In addition, the test conditions in this study were relatively ideal, and some special
situations may occur in practical applications and are worth studying, for instance:

(1) Mechanism for handling the faults of the load side during modes of transition and for
restoring the voltage in the shortest time;

(2) Redundancy configuration of H-bridges in a cascaded multilevel topology;

(3) Measures to improve the inherent effects of sampling and control delay in digital
control systems.

In general, there are still problems and a more sophisticated strategy shall be re-
searched further in future studies.

5. Conclusions

For the multi-functional converter in a microgrid system, the transition between the
control structures for different operating modes was a hindrance, which stemmed from the
contradiction of input, output, and disturbance in the control diagram.

In this paper, the diversity and connection between the control structures in different
operating modes were studied and a unified inner loop based on the 2-DOF theory was
introduced. With the proposed method, all the operating modes of the converter in the
microgrid can share the same inner loop, so that the switching of the operation modes can be
altered to reflect the change of the inner referring instructions, rather than a reconfiguration
of the whole control structure. Proper tracking and interference rejection performances
were fulfilled. Thus, coordinated functions, such as an uninterrupted voltage supply, active
power regulation, reactive power compensation, harmonic suppression, and seamless
transition, can be employed to ensure a satisfactory power quality for local loads. The
simulation and experimental results through a low-voltage prototype model were also
presented to validate the effectiveness of the proposed strategy, which provided a theoretical
and practical basis for the experiment in high-voltage applications.
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