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Abstract: The AC/DC hybrid microgrid, which takes into account the access requirements of AC and
DC sources and loads, optimizes the structure of traditional distribution networks. The application of
power electronic transformers as the core of its energy management, with electrical isolation and
accurate control of the voltage, current and power flow by the control system, enables the microgrid
to achieve a more flexible and stable transmission mode. Because the power electronic transformer
combines the power electronic device and the high-frequency transformer, its frequent switching
causes the electromagnetic transient simulation to take too long. Therefore, by simplifying control
loops and converters, this paper proposes a simplified model for the microgrid system power flow and
the dynamic response under exposure to a fault. The mathematical model equivalent simplification
method is used in this paper. This method is concise and efficient and does not rely on the performance
of a computer or change the program algorithm of the software. The simplified model was built
based on PSCAD (Power System Computer Aided Design) simulation software and was carried out
under short circuit fault conditions to verify its validity. The comparison of the simulation’s time
consumption and accuracy shows that model simplification can significantly improve the simulation
speed, with an acceptable error rate, and its dynamic response maintains good consistency with
that of the detailed electromagnetic transient model. Therefore, it can be applied to the transient
electromagnetic simulation fault analysis of the AC/DC hybrid microgrid.

Keywords: control loop; converter; electromagnetic transient model; microgrid; simplified model

1. Introduction

As a system with various distributed generators, AC and DC loads, and self-adjusting and control
capabilities [1,2], the microgrid applies power electronic transformers, which not only enables it to
carry out the power transmission and electrical isolation of traditional transformers, but also realizes
harmonic and reactive power compensation. The microgrid supports accurate and bidirectional power
flow regulations [3-5] and has broad application prospects in this field. In [3-5], the topology and
control strategy of the AC/DC hybrid microgrid is proposed to achieve the reliable and efficient
operation of the AC/DC hybrid microgrid. In [6], Power Electronics Transformer (PET) topologies
for three-phase AC distribution networks were discussed. By using space vectors, a mathematical
model for MMC and a method for controlling the power flow were proposed. In [7], the typical
control strategy for parallel operation was studied to realize the rational distribution of active and
reactive power between power electronics transformers operating in parallel. In [8], a new type of
power distribution transformer for the power distribution system was proposed, called the flexible
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power distribution unit, which revealed the energy exchange mechanism between the power grid and
the load.

The microgrid electromagnetic transient model can simulate the dynamic process of the system
in detail, but with the high order and non-linearity of the system, the switching process of a large
number of power electronic devices increases the computational complexity and time-consumption
of the simulation. Since the electromagnetic transient model mainly studies the transient process
response at the microsecond level, where the nonlinearity and action characteristics of the components
are considered, for different research focuses, changing the response time scale of the simulation model
can improve the simulation efficiency. In view of the research on the characteristics of the microgrid
output, it is not necessary to pay attention to the dynamic response process of its internal power
electronic devices, so simplifying the processing can significantly improve the simulation efficiency.

In [9], an improved d-g-axis Flexible Positive and Negative Sequence Control Method (FPNSC)
was proposed to ensure the safety of converters and facilities in the AC grid with unbalanced voltages.
The study presented in [10] provided a detailed analysis of cable failures in VSC-based DC networks
and identified the most severe failure stages to avoid. In [11], line-to-ground fault transients were
analyzed in different neutral ground configurations. In [12,13], the fault simulation of the microgrid
was established, the fault characteristics of which were analyzed.

In [14], a reduced-order small-signal model for multi-port power electronic transformers that
derives the reduced-order model by using the participation factors of the system pattern as state
variables was proposed. However, the state-space average method and the eigenvalue analysis were
used in the paper, which are relatively complicated.

In [15], a reduced-order small-signal model of a microgrid system capable of operating in
grid-connected and islanded conditions whose nonlinear equations are derived in the d-q reference
system and then linearized around a stable operating point, was proposed. However, due to
the nonlinearity of the system, the linearization results lost some accuracy. In [16], an efficient and
accurate reduced-order model for an inverter-based microgrid was proposed, where the influence of
network dynamics can be properly considered. However, it is not suitable for research under fault
conditions. In [17], a mathematical model of an island microgrid with a linear load and inverter under
frequency and voltage drop control was proposed. This was established by introducing appropriate
state—space transitions to maintain the stability consistent with that of the original model using singular
perturbation techniques. In [18], the singular perturbation method was used to simplify a full-order
model of a microgrid with three inverter-based distributed generation systems (DG). However, due
to the introduction of higher-order matrices, the singular perturbation method it used is much more
complicated than the mathematical model equivalent simplification method.

In [19], a reduced-order small-signal model for electromechanical analysis was proposed, where
each micro source is modeled in its local state space form. In [20], a small-signal model of a two-terminal
HVDC system was established using the modularization method, which compares the effects of
predictive control and proportional integral control on system stability. Although this method can
completely retain the modal information of the system, the complicated derivation process and
calculation result in high order of the model.

In this paper, a simplified model of an AC/DC hybrid microgrid for fault analysis is proposed
through the mathematical model equivalent simplification method to ensure the effectiveness of
the control system and the observability of parameter variables. By simplification and order reduction,
the microsecond electromagnetic transient simulation, the time scale of which is increased from 10 to
20 ms, not only improves the simulation efficiency, but also ensures its accuracy.

2. Methods

The AC-DC hybrid microgrid includes various distributed generators, energy storage devices,
control, and communication systems. A two-end power supply AC/DC hybrid microgrid structure is
shown in Figure 1.
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Figure 1. Two-end power supply AC/DC hybrid microgrid structure.

The AC-DC hybrid microgrid including three-stage AC-DC-AC power electronic transformers
with AC and DC interfaces improves the connection between the microgrid and the utility grid and
various AC and DC sources and loads. The power electronic transformer consists of three parts:
the input stage, isolation stage, and output stage. The input stage connected to the utility grid is
a rectifying part, which rectifies the input alternating current at 50 Hz into direct current; the isolation
stage consists of a pulse modulation, high frequency transformer, and pulse demodulation [9], which
converts the DC inverter of the input stage output into a high frequency square wave and then couples
it to the secondary side through a transformer and then rectifies to a direct current to supply power to
the DC load; the output stage is the inverter part, which inverts the DC output of the isolation stage
into a three-phase 50 Hz AC power supply for the load. Its structure and control system are shown in
Figure 2.
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Figure 2. Detailed model structure of the microgrid.

Both the input and output stage control systems use dual loop control. The outer loop is the voltage
and power loop, and the inner loop is the current loop. Current inner loop decoupling control is shown
in Figure 3.
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Figure 3. Current inner loop decoupling control.

Due to the symmetry of the two current inner loops, iq is taken as the object of discussion.
The delay of the current inner loop signal sampling and the small inertia characteristics of the Pulse

Width Modulation (PWM) control are considered. The structure of the decoupled iq current inner loop
is shown in Figure 4.
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Figure 4. Current inner loop structure.

T is the sampling period of the current inner loop (which is also the PWM switching period),
and Kpwy is the equivalent gain of the bridge PWM. To simplify the analysis, the perturbation of uq

is not considered, and the PI regulator transfer function is written as a pole-zero form, as shown in
Equation (1).
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The small time constants 0.5Tg and Tg are combined to produce a simplified current inner loop
structure, as shown in Figure 5.
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Figure 5. Simplified current inner loop structure.

Due to the high switching frequency of power electronics, the switching period is very short.
The transfer function is approximately equivalent to 1. Since the current inner loop responds faster than
the outer loop, the response time scale is small. Therefore, the simplified model ignores the dynamic
process of the current inner loop in the double loop control, where the input value of the inner
loop is equal to the output value, and the converter is replaced with the controlled power sources.
The simplified model structure and control system are shown in Figure 6.
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Figure 6. Simplified model structure of the microgrid.

The input stage is simplified to a controlled voltage source. The voltage reference signal Ugciref
is compared with the capacitor voltage Uqc1, the error of which is processed by the PI regulator to
output a current inner loop reference signal. Since the current inner loop is simplified, the actual
value of the inner loop current signal is considered to be equal to the reference value, which multiplies
the proportional coefficient k to generate the controlled current source reference signal I4. 15, so that
the capacitor voltage is stabilized at the reference value. The current signal I4. from the DC terminal to
the isolation stage is obtained from dividing the grid power signal by the voltage signal. The isolation
stage simplification method is similar to that of the input stage, which is simplified to a controlled
voltage source supplying for a DC load. The output stage is simplified to a three-phase controlled
voltage source. The voltage outer loop reference signals Ugrer and Ugref are compared at actual values
Ug and Uy, respectively, the errors of which are processed by the PI (proportional-integral) regulator
to generate the output current inner loop reference signal. The inner loop output value, which gets
the coordinate inverse, transforms to obtain the reference signal of the three-phase controlled voltage
source and is equivalent to the input reference signal value. The stages are connected by the power
balance relationship.

3. Results

3.1. Simulation Time and Accuracy Analysis

In order to verify the correctness of the simplified model, the micro-grid electromagnetic transient
detailed model and simplified model were built on the PSCAD software platform to analyze. The input
stage was connected to a 10kV/50 Hz AC grid, which is considered an infinite system with a constant
output voltage. The DC voltage on the input stage side was 18 kV. The frequency of the high frequency
square wave of the isolation stage was 10 kHz, where the high frequency transformer transformation
ratio was 18 kV:0.75 kV. The DC voltage on the output stage side was 0.75 kV, the output of which was
0.38 kV/50 Hz AC. The AC load was 0.09 MW and the DC load was 0.2 MW. The simulation steps were
5 and 20 ps, respectively, and the simulation duration was 2 s. The corresponding time-consumption
comparison results are shown in Table 1.

Table 1. Time-consuming comparison results.

Simulation Step Time-Consumption
Size/us Ratio

5 398 39 10.2
20 122 18 6.8

Type Detailed Model Simplified Model

Microgrid
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As shown in Table 1, under the same simulation step conditions, since the simplified model
replaces the converter with controlled sources and simplifies the control loop, the time consumption
was significantly shorter than that of the switch model. The finer the simulation step size was, the more
obvious the time-consumption reduction effect was.

At T =1 s, the 0.09 MW AC load was input, and the 0.1 MW DC load was cut off at 1.5 s.
The dynamic characteristics and accuracy of the model are shown in Figure 7 and Table 2.
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Figure 7. Comparison of output characteristics under load switching.

Table 2. Accuracy comparison results.

Output Steady State Value 0-1s 1-1.5s 1.5-2s
p Detailed model 0.090 0.180 0.180
}ﬁ%c Simplified model 0.090 0.180 0.180
Error/% 0.0 0.0 0.0
U Detailed model 0.743 0.738 0.743
/I\/(Ii\cfsl Simplified model 0.750 0.750 0.750
Error/% 0.9 1.6 0.9
P Detailed model 0.196 0.194 0.098
}KZ"‘%C Simplified model 0.200 0.200 0.100
Error/% 2.0 3.1 2.0
P Detailed model 0.296 0.388 0.287
/l\%l/‘j/ Simplified model 0.290 0.380 0.280
Error/% 2.0 2.1 2.4

As shown in Figure 7, the dynamic curve of the simplified model proposed in this paper
was basically consistent with that of the detailed model. The AC load power Pjp,dac sim curve of
the simplified model and the AC load power Pjp,gac curve of the detailed model were almost identical,
both of which increased due to the input of the AC load. The DC voltage Uqc, of the detailed model
fluctuated slightly due to the switching of the load, and the DC voltage Ugc gim of the simplified model
was always constant because the reference signal remained constant. At T =1s, when the AC load was
input, the DC load power Pjyaqpc of the detailed model also had a small fluctuation due to the small
fluctuation of the DC voltage Uqcp. Since the DC voltage U4 gim of the simplified model remained
stable, the DC load power Pjoadpc_sim Of the simplified model also remained stable. At T =1.5s, due
to the cut off of the DC load, the DC load power of both the detailed model and the simplified model
decreased. AtT =1 s, due to the input of AC load, the grid power increased. At T = 1.5 s, the DC load
was cut off, and the grid power decreased.

Since the simplified model replaces the converter with controlled sources, there was no loss of
the grid power, but there were slight errors. The data in Table 2 show that the output steady state
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errors between the simplified model and detailed model were within 5%, which meets the requirement
of engineering calculation precision [21].

3.2. Characteristic Analysis under Fault Conditions

In order to verify the effectiveness of the simplified model under fault conditions and to observe its
dynamic characteristics under fault conditions, the action of the protection system was not considered,
and the load did not change.

3.2.1. Characteristic Analysis under AC Load Side Fault Conditions

A single-phase ground fault occurred on the AC load side of the microgrid system at 1 s.
The dynamic characteristics are shown in Figure 8.
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060 - 0.100 -

s VAL o T
S A P R R G S

-0.40

060 - 0.020 -

-0.80

0.000

0.950 1.000 1.050 1.100 1.150 1.200 Se¢ 0,550 1.000 1.050 1.100 1.150 1.200 sec
0,80 . VIoadAC sim —— Udc) e Udc2_sim
RO AOIVIARAVEY 2 vy
s AU WWWWWWWWWY - o
0.60 - 0.710 -

Figure 8. Output characteristics under AC load side fault conditions.

As shown in Figure 8, at 1 s, the a-phase voltage dropped to 0 due to the a-phase failure, and the b
and c-phase voltages remained stable. The AC load voltage Vipadac sim curve of the simplified model
was able to maintain good consistency with that (Vioaqac) of the detailed model.

When a three-phase asymmetric fault occurs on the AC side, the output power of the AC side
contains a second-harmonic disturbance [22], as shown in Equation (2).

{ Pac = Py + Py cos(2wt) + Py sin(2wt) )
Qac = Qo + Q2 cos(2wt) + Qg sin(2wt)

Py, P, Psp, Qo, Qcz, and Qsp are AC power coefficients, which are related to voltage and current
in a positive and negative sequence synchronous rotation coordinate system [14]. According to
the principle of conservation of energy, there is also a second-harmonic disturbance equal to it on
the DC side power, as shown in Equation (3).

PchZPac:Pdc2’+PC (3)

where, P4c, is the DC power received by the output stage; P,c is the AC power flowing through
the output stage; P4 is the output DC power of the isolation stage; and Py is the capacitor
discharging power.
The capacitor discharging power is as shown in Equation (4):
1 duc

ECuC-E = Py + Py cos(2wt) + Pgp sin(2wt) — Py 4)
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After the fault occurred, the AC load power dropped to around 0.06 MW containing
a second-harmonic disturbance. The dynamic curves of the AC load power Pjpagac_sim Of the simplified
model were almost the same as those (Pjpaqac) of the detailed model. The DC load voltage Ugc also
contained a second-harmonic disturbance. The DC load voltage curves of the two models (U4 and
Ugc2_sim) Were also consistent with a very slight error. In conclusion, the dynamic characteristics of
the simplified model maintain good consistency with those of the detailed model.

3.2.2. Characteristic Analysis under DC Load Side Fault Conditions

A two-pole short circuit fault occurred on the DC load side of the microgrid system at 1s.
The dynamic characteristics are shown in Figure 9.

— im —— VloadAC ——
1.00 Udc2 Udc2_sim 0.80 -
0.80 0.60 -
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Figure 9. Output characteristics under DC load side fault conditions.

When a two-stage short circuit fault occurs on the DC side due to the DC voltage dropping to
zero and the freewheeling effect of the short-circuit reactance, it is equivalent to a three-phase short
circuit occurring on the AC side [10]. Its equivalent circuit is shown in Figure 10.

Figure 10. AC side equivalent circuit after a two-pole short circuit fault occurred.

As shown in Figure 9, when a two-pole short-circuit fault occurred on the DC load side at 1 s,
the DC load voltage Ug suddenly dropped, which also caused the fluctuation of the input-stage
side DC voltage Ug;1. The DC load voltage Uy waveform of the simplified model and that (Ugc sim)



Electronics 2020, 9, 358 90f 10

of the detailed model almost overlapped. Although the waveform of Uy in the detailed model
fluctuated, its steady-state value was consistent with that (Ug;_sim) of the simplified model. The AC
load voltage VioadAcC_sim curve of the simplified model maintained good consistency with that (Vjoadac)
of the detailed model. As shown in Figure 10, the three-phase AC voltage Vip,dac of the output stage
dropped to zero due to an equivalent three-phase short circuit, and the AC load power Pjoagac also
dropped to zero. This shows that the dynamic characteristics of the simplified model maintain good
consistency with that of the detailed model.

4. Conclusions

In the view of the low efficiency of electromagnetic simulation of the AC/DC hybrid microgrid,
this paper proposes a simplified AC/DC hybrid model. Following the model simulation verification of
this paper, the following conclusions can be made:

1.  Inthe AC/DC hybrid microgrid model, the microgrid network, except for the generators, was
taken as the research object. This model transforms the response time scale to milliseconds,
simplifies the converter and its control system, and applies controllable power sources to replace
the converter.

2. Through the mathematical model equivalent simplification method, there is no need to apply
a new program or algorithm. The reduction of the amount of simulation data can reduce
the dependence on the performance of the computer.

3.  The simplified model proposed in this paper improves the simulation efficiency, the output
characteristics of which maintain good consistency with those of the detailed model under AC or
DC load side fault conditions.

4. The simplification of this paper is for each rectifier or inverter module connected by the power
balance relationship. It could be applied to other more complex network topologies including
more modules.
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