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Abstract—This paper studies the transient behavior of a 
three-phase isolated bidirectional dc/ac converter operating as a 
rectifier. The purpose is to assess the viability of this converter 
for dc microgrid applications. A capacitor pre-charge method is 
developed to suppress inrush currents while charging the dc side 
capacitors during converter startup. The operation of the 
converter under grid fault transients is also studied, to assess the 
ability of the converter to maintain continuity of service to the 
dc microgrid in the case of grid undervoltage or loss of phase. A 
model of the converter was simulated on PSIM to validate the 
capacitor pre-charge method and grid fault responses.  

Keywords—dc microgrids, black start, PFC rectifier, three-
phase 

I. INTRODUCTION 
Residential scale dc microgrids are a promising 

technology to facilitate the spread of dc-native distributed 
energy generators, such as photovoltaic panels or small wind 
turbines, allowing for greater renewable energy generation on 
a residential scale. Because of the variable nature of 
renewable energy resources, measures should be taken to 
ensure continuity of service to the residence. Energy storage 
devices such as electrical batteries can be installed to increase 
the on-site use of renewable energy. In this case, dc 
distribution reduces the number of energy conversion stages, 
therefore increasing efficiency. An active front-end (AFE) 
converter can interface the dc microgrid to the ac distribution 
grid, allowing for energy trading between the grids, 
depending on the generation and consumption of the 
residence [1], [2].  

The three-phase high frequency link converter (HFLC) 
shown in Fig. 1, composed of a full bridge converter and one 
by three phase matrix converter (MC), is a candidate topology 
for realizing this connection. The HFLC directly converts 
energy from ac to dc, or vice versa, with a single stage of 
power conversion [3]-[7]. When operating as a rectifier, the 
MC feeds the transformer with a high frequency ac current 
which is rectified by the body diodes of the full bridge. Active 
switches are used on the dc side to allow for bidirectional 
power conversion, a necessary function for an isolated AFE, 
and enable synchronous rectification to reduce conduction 

losses. Unlike more conventional two stage solutions, there is 
no need for dc link capacitors to decouple power stages. 
However, capacitors are still necessary on the dc port of the 
AFE to provide a stable dc side voltage. Much of the existing 
literature focuses on improving steady state operation of the 
converter [8]-[10]. However, to be viable as an AFE in dc 
microgrids, it is essential that the converter can operate within 
its nominal limits under transient conditions like startup and 
grid side faults. 

Black start is the startup procedure of the converter when 
the dc port capacitors are fully discharged. This poses the 
well-known problem of inrush current, i.e., a transient 
overcurrent due to the discharged capacitors behaving like a 
short circuit that can damage converter components. 
Therefore, it is necessary to ensure that the current during 
startup is limited until the capacitors are fully charged and the 
converter can begin operating under normal conditions. In 
[11] a solid state circuit breaker is introduced capable of black 
starting the dc microgrid. In comparison, the HFLC is able to 
ensure black start using only control of the converter 
switches. The converter must also continue operating under 
grid side fault conditions, limiting the voltage drop on the dc 
side during the fault so that loads are not disconnected, and 
continuing operation even under some fault conditions like 
the disconnection of a phase. 

The purpose of this paper is to give an overview on the 
capabilities of the HFLC applied to microgrids during 
transient conditions, specifically startup and fault. A simple 
black start control of the converter is employed to send 
controlled current pulses of current from the grid to the dc side 
capacitors, charging the dc side capacitors while limiting the 

Fig. 1. Three-phase high frequency link converter. 
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current through the converter. The converter’s operation 
during grid undervoltage conditions is studied. Finally, in the 
case of a phase disconnection the converter topology can be 
modified by controlling the switches to operate with only two 
legs, maintaining continuity of service during the fault. 

II. BLACK START 

A. Current pulse generation 
Matrix converters typically employ anti-series 

MOSFETS to achieve the required four quadrant operation. 
The ability to block voltage bidirectionally allows for full 
control of the current in the switches. Due to the presence of 
the inductors, interruption of current would cause large 
voltage spikes and potentially damage the converter. 
However, by opportunely controlling the timing of the switch 
commutations, it is possible to limit the current with natural 
commutations, making it possible to charge the dc capacitors 
with short pulses of current. Before the zero crossing of a line 
to line voltage, appropriate switches are turned ON to create a 
path for the current. This current is conducted through the 
body diodes of the dc side switches to charge the dc side 
capacitors. Only one of the two anti-series switches is turned 
ON, whereas the other conducts through the body diode, to 
allow only unidirectional current flow. Even in the case of 
fully discharged capacitors, the current is limited because of 
the polarity change of the grid voltage after the zero crossing. 
The switching sequence and general principles used to 
achieve black start of the dc microgrid are shown in Fig. 2 
and Fig. 3 respectively.  

 The equivalent circuit, showing only one line to line 
voltage, Vab, is shown in Fig. 2. By turning ON the switches 
S1.2 and S4.2 current begins to flow through the converter, and 
flows through the body diodes of switches T1 and T4 to charge 
the capacitors. As the switches are turned ON near the zero 
crossing of the grid voltage, the voltage applied to the 
inductor is small and the inductor limits the rise in current. 
After the zero crossing the voltage on the inductor changes 
polarity and the current begins to decrease, once it reaches 
zero the body diodes stop conducting and the active switch 
can be turned OFF with zero current switching (ZCS). For the 
zero crossing with opposite polarity, the active and passive 
switches on the ac side are swapped to allow unidirectional 
current flow in the opposite direction, and the body diodes of 
the opposite diagonal on the dc side (T2, T3) conduct. 

The waveforms for line to line voltage, inductor current, 
and dc capacitor charge is shown in Fig. 3. The switches are 
turned ON at an angle before the zero crossing. When the 
switches turn ON current begins to increase through the 

inductor and charge the capacitors. The equivalent circuit of 
the converter is simply a sinusoidal voltage source in series 
with an inductor and a capacitor. The voltage across the 
inductor VL is the difference between the grid-side line to line 
voltage Vac and the dc side capacitor voltage Vdc, with the 
switch turning ON at t = 0. For a positive to negative line to 
line voltage zero crossing, the inductor voltage VL is 
calculated as 

( )L LL dcV V sin t V      
With VLL the amplitude of the line to line voltage. Given 

that the increase in capacitor voltage during each current 
pulse is small, the dc side capacitor voltage can be assumed 
constant during a current pulse, and the current can be 
expressed as 

 
0

)
L

1 ( ) (
x dcLL

L L
xdt cosi x cos

L
V

L
VV   


      (1) 

When there is current flow in the converter and the dc side 
body diodes are conducting, the dc side voltage is applied to 
the transformer magnetizing inductance. By alternating the 
sign of the current pulses for the two zero crossings in a 
period of line to line voltage, the current is alternatingly 
conducted through opposite diagonals of the dc side body 
diodes. As a result, the dc side voltage is applied to the 
magnetizing inductance with opposite polarity each 
conduction interval, avoiding saturation of the transformer. 
The current pulses should be controlled to respect both limits 
of maximum current, and maximum volt-seconds on the 
magnetizing inductance of the transformer. At the beginning 
of the black start, when the capacitors are fully discharged, 
then the maximum current limits the angle  . As the voltage 
of the dc side capacitors increases, the volt-seconds across the 
magnetizing inductance Vdcx becomes more relevant. Once 
the absolute value of VLL is less than the capacitor voltage the 
current begins to decrease until it reaches zero. The dashed 
red line shows the negative value of the capacitor voltage Vdc, 
for clarity when the current in the transformer is negative and 
polarity of the transformer is opposite. 

 
TABLE I 

SIMULATION PARAMETERS 
Simulation Parameter Symbol Value 
Power P 9.8 kW 
Load resistance Rload 50   
dc voltage Vdc 700 V 
ac line to line voltage VLL 570 V 
Grid filter inductance Lg 1 mH 
dc capacitance Cdc 2 mF 
Grid angular velocity   2 50   

 

Fig. 2. Equivalent circuit when charging from line to line voltage Vab. Only 
iab>0 can flow as negative current would be blocked by the body diodes of 
S1.1 and S4.1. 

Fig. 3. Modulation angle. The switches turn on  degrees before the zero 
crossing of the voltage, enabling unidirectional current flow.  
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As the capacitor voltage increases the angle alpha must be 
increased to apply a greater grid voltage. The black start was 
simulated on a PSIM model. The simulation parameters are 
given in Table I. Fig. 4 shows a current pulse when the 
capacitors are fully discharged. At angle 2 / 50  before 
the zero crossing the switches S1.2 and S4.2 are turned on and 
begin to conduct current. The voltage across the capacitor 
begins to rise. The change in voltage polarity limits the 
current. During conduction the voltage of the discharged 
capacitor is applied to the transformer, so there is no risk of 
saturation. Once the current reaches zero the diodes undergo 
reverse recovery and begin blocking current. It is now 
possible to turn off the active switches with ZCS. As the 
switches are operating at grid frequency, the switching losses 

do not pose a significant issue. However, isolated matrix type 
topologies that operate with hard switching on the MC side 
suffer from transient overvoltages as there is no freewheeling 
path available in a bidirectional switch [12]. Therefore, ZCS 
protects the switches from transient overvoltages [13].  

Fig. 5 shows a current pulse when the capacitor is at 
400V. In this case 2 / 6  . The maximum current is when 
Vac = Vdc. In this case there is no need for the zero crossing 
of the line to line voltage, as the capacitor voltage is enough 
to limit the current in the converter. As there is now 
significant voltage applied to the transformer during 
conduction, the current pulse duration should be limited to 
avoid saturation. 

Fig. 6 shows the charging of the dc link capacitor during 
one grid period. As the capacitors are almost fully discharged 
the conduction intervals occur near the zero crossing to limit 
the current. By setting according to (1) during the charging 
process, the nominal ratings of the converter, overcurrent and 
transformer saturation are avoided. 

III. FAULT TOLERANCE 
Another concern for dc microgrid applications is the 

robustness of the converter, i.e., how well can it respond to 
faults on the grid and maintain a stable dc side voltage during 
a fault. The behavior of the converter was studied during a 
sudden undervoltage on the grid and the loss of a phase.  

A. Converter Modulation 
The HFLC is current fed, allowing for explicit control of 

the grid side currents. As the converter boosts voltage when 
rectifying, grid undervoltage does not present significant 
problems, as long as the control is able to respond in an 
appropriate time by increasing the ac side currents. A phase-
shift modulation utilizes a quasiresonant (QR) state for 
favorable switching conditions is used. The sequence is 
described thoroughly in [14]. Fig. 7 shows a simplified 
representation of relevant waveforms during a switching 
period. As the topology has three ac legs with no neutral wire, 
all three grid side currents can be controlled by controlling 

 
Fig. 4. Current pulse when the dc capacitors are fully discharged. 

 
Fig. 6. Charging of dc side capacitors with current pulses. There are two 
current pulses per phase per grid period, for a total of six current pulses 
per grid period. Dashed lines show the zero crossing of the grid 
voltages.  

 
Fig. 5. Current pulse when the dc capacitors have charge (400 V). 
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the currents in two of the legs, by changing the angles φ1 and 
φ2. By decreasing the phase shift, the leg spends more time in 
the freewheeling state and the current through the inductor 
increases. 

 The converter is controlled with two nested PI loops, 
shown in Fig. 8. The outer loop controls the dc side voltage 
Vdc and sets current amplitude reference I, the inner controls 
the ac side currents by setting the phase shift angles φ1 and φ2 
from which the gate signals are generated. ௔ܸ௖ and ܫ௔௖ are the 
vectors of grid voltages and currents respectively.  

B. Grid Undervoltage 
A simulation was carried out where the grid voltage 

immediately fell to half of its value. After the step fall in grid 
voltages, the grid side currents must increase to maintain the 
voltage on the dc side. The regulator increases the current 
amplitude reference, and therefore increases the phase shifts, 
effectively lowering the duty cycle of the legs. The grid side 
currents do not immediately increase to the new reference as 
their rise is limited by the grid filter inductance, the 
combination of low current and low duty cycle immediately 
after the grid undervoltage fault cause the dc side capacitor 
voltage to rapidly drop until the grid side currents have time 
to increase. In the simulation there was approximately a 10 V 
drop in dc side voltage with 2 mF of capacitance. When the 
grid voltages returned to nominal value there was a 10 V 
overshoot. This is an acceptable transient in voltage given the 
expected tolerances of a dc microgrid. 

value there was a 10 V overshoot. This is an acceptable 
transient in voltage given the expected tolerances of a dc 
microgrid.  

C. Phase Disconnection 
In the case of the sudden disconnection of a phase, it is 

possible to reconfigure the ac side of the converter, operating 
as if it were a two by two phase matrix converter by using 
two legs of the MC while keeping the switches of the 
disconnected phase open. After reconfiguration the converter 
essentially becomes the topology described in [13]. The 
reconfigured topology is shown in Fig. 10. The nominal 
power of the converter is reduced to two-thirds as only two 
legs are carrying current. Fig. 10 shows the simulation result 
of the disconnection of phase C and reconfiguration of the 
topology. There is a 100 Hz ripple on the dc capacitor 
voltage, as there is only one line to line voltage that can be 
used, and power cannot be transferred at the zero crossing of 
the voltage. However, this ripple is relatively small, +/- 5 V. 

 
Fig. 7. Converter modulation principle. φ1 and φ2 are the angles 
between the turn on of the active switch in the respective leg and the 
turn off of the dc-side switches, initiating the QR phase. 

 
Fig. 8. Two nested PI regulators control ensure the dc side voltages 
tracks the reference by modifying the phase shift. 

Fig. 9. Currents on ac side (Ia, Ib, Ic) and voltage on dc side (Vdc) during a 
step grid undervoltage. 

Fig. 10. HFLC topology reconfigured to operate with a single line to line 
voltage 
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As the two legs are operating within their nominal limits, the 
converter can operate in this mode indefinitely. 

IV. CONCLUSION 
    This paper gives a preliminary overview of the capabilities 
of a three-phase HFLC during black start and fault transients 
in the context of operation in a dc microgrid. It was shown 
that the bidirectional switches allow for precharging of the dc 
side capacitors while respecting the overcurrent and 
transformer saturation limits, without any additional circuitry 
required. Two common fault conditions, grid undervoltage 
and phase disconnection, were simulated. As the converter 
boosts the voltage when operating as a rectifier, grid side 
undervoltage does not pose a significant problem. Even with 
relatively small dc side capacitance the voltage drop is 
acceptable for a dc microgrid. In the event of phase 
disconnection, the converter can be reconfigured to operate 
off of a single line to line voltage, maintaining two thirds of 
its nominal power indefinitely without overloading. The 
black start ability and fault tolerant operation of the converter 
make it a suitable candidate for dc microgrids.  
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Fig. 11. Simulation result after a phase is disconnected and the converter 
reconfigures to operate with only two MC legs 
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