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Abstract

in active voltage support and current control.

The power router (PR) is a promising piece of equipment for realizing multi-voltage level interconnection and flex-
ible power control in the future distribution power grid. In this paper, a hybrid PR (HPR) topology based on power-
frequency transformer electromagnetic coupling with converters is proposed for the medium distribution power grid.
The power-frequency transformer is used to undertake power transmission, voltage conversion, and other main tasks,
while the power electronic converters are combined to achieve active control. Equivalent magnetic and electrical
circuit models are established to help discuss the operating principle of the proposed HPR. Additionally, the power
flow and control principle of the HPR in different operating conditions are analyzed, with the control system design
scheme presented. The theoretical analysis results are verified by MATLAB/Simulink + Plecs simulation and a controller
hardware-in-the-loop study, as well as a down-scale experimental test, indicating that the proposed HPR is flexible

Keywords Power router, Power-frequency transformer, Power electronic converter, Hybrid, Working mechanism

1 Introduction

Owing to uncontrollability, lack of fault isolation and
fault ride-through capabilities, as well as other shortcom-
ings, it is challenging for conventional transformers to
actively control and optimize the operation of distribu-
tion power grids, where nonintelligent techniques, such
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as bus tie switch and transformer tapping, are mainly
adopted to control node voltages and power flows [1].
Additionally, complex grid faults can cause transient dis-
turbances [2], such as unbalanced voltage dip or swell.
These can critically affect the safe connection and opera-
tion of distributed renewable energy, microgrid, and load.
Numerous off-grid events of distributed generation (DG)
equipment have been reported. A power router (PR) is
significant for renewable DG connection, multi-voltage
flexible interconnection, and multi-port power control,
and can notably boost the renewable DG accommoda-
tion capacity and continuous power supply capacity of
distribution grids, to meet the urgent demand for flexible
control and reliable power supply of power distribution
grids caused by high penetration of renewable energy
sources and power electronic equipment [3].

The PRs currently used for medium-voltage and
medium-power conversion in power distribution grids
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use cascaded H-bridge (CHB) typology [4] or modular
multilevel converter (MMC) typology [5]. A CHB-based
PR topology is proposed by the Future Renewable Elec-
tric Energy Delivery and Management System of North
Carolina State University [4]. Its main circuit uses an
input-series output-parallel (ISOP) topology, which com-
prises a medium-voltage stage CHB, an isolation stage
with ISOP dual active bridge (ISOP-DAB), and a low-
voltage stage DC/AC inverter. This design meets the
fundamental function requirements for PRs. An auto-
balancing electronic power transformer (EPT) topology,
which decouples the mutual influence of the three-phase
imbalance between the high- and low-voltage sides of
the EPT by an interleaving design, is proposed in [6].
The aforementioned topologies [4, 6] use the CHB on the
medium-voltage side. Reference [7] proposes an MMC-
based PR topology, which comprises a medium-voltage
stage MMC, an isolation stage with ISOP-DAB, and a
low-voltage stage DC/AC inverter. These can realize the
interconnection of medium-voltage AC (MVAC) and
DC distribution networks. Several studies have shown
the enhancement of the techno-economic aspects of the
full power electronic converters (PEC) module-based PR
through structural optimization [8] or control improve-
ment [9] to achieve certain beneficial effects.

CHB- and MMC-based PRs integrate functions, such
as voltage conversion, power control, fault isolation,
and power quality control, and have become paramount
equipment for integrating and optimizing various PEC
equipment in power grids, and improving the intelli-
gent power grid management level. Nevertheless, these
topologies require numerous PEC modules, and there are
still several challenges in replacing power-frequency (PF)
transformers with PRs in AC power distribution grids,
particularly the high cost, high loss, and complex typol-
ogy of CHB- and MMC-based PRs (e.g., 1 MVA 10 kV /
400 V PR). They have more than five times the cost and
three times the loss of a PF transformer [10]. This poor
techno-economic performance inhibits the widespread
application of PRs to this day.

Compared with the CHB- and MMC-based PRs
scheme, the hybrid scheme of the PF transformer and
PEC is a potential direction for PR development. An
integrated transformer design scheme based on the
inductive filtering principle, which is designed with an
extended delta winding on the secondary side for the
parallel connection of the converter and realizes cur-
rent control using the magnetic flux balance princi-
ple, is proposed in [11, 12]. Nevertheless, this scheme
is used only for power quality control. An integrated
transformer design scheme based on a multi-winding
tap connection is proposed in [13, 14], in which the
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center tap is drawn from the medium-voltage side
winding of the transformer for the connection of the
converter. This scheme is also used for power qual-
ity control. However, it is difficult for these integrated
schemes of a PF transformer in parallel with a converter
[11-14] to realize active voltage regulation, and they
fail to meet the flexible control requirement for PRs.

Thus, a next generation distribution transformer,
which comprises two windings on the secondary side
with one connected to an AC/AC converter in series,
is proposed in [15]. This structure is further optimized
in [16] and extended to a three-phase structure [17].
A transformer-integrated dynamic voltage regula-
tor, which realizes the dynamic voltage amplitude and
phase angle adjustment of the secondary side by con-
trolling the amplitude and phase angle of the output
voltage of the AC/DC/AC converter, is proposed in
[18]. However, the voltage amplitude and phase angle
adjustment ranges of the transformer are narrow, and
all transmitted power flows through the connected AC/
DC/AC converter, thereby increasing the operating
power loss and reducing operating efficiency and reli-
ability. A new type of PR with series-shunt architec-
ture is constructed in [19], in which the series PEC is
connected to the AC grid in series through the trans-
former and the shunt PEC is connected to an AC bus
in parallel. A transformer-integrated back-to-back con-
verter scheme, which realizes the simultaneous correc-
tion of voltage and current power quality, is proposed
in [20]. A multi-winding integrated three-phase hybrid
transformer with series—shunt three-phase two-level
converters connected by the secondary winding on the
low-voltage side is proposed in [21, 22]. In addition,
references [23, 24] propose an improved hybrid distri-
bution transformer, though this structure requires an
additional series transformer on the medium-voltage
side, thereby increasing complexity and cost.

In this paper, a hybrid PR (HPR) based on PF trans-
former electromagnetic coupling with PECs is pro-
posed, one which combines the benefits of the PF
transformer and PEC. The core idea of the proposed
HPR is that it uses the PF transformer to undertake the
voltage conversion, power transmission, and the low-
voltage PEC to realize the flexible active control func-
tion. The equivalent magnetic and electrical circuit
models are established to expound the HPR’s operat-
ing principle. In addition, with the control scheme pre-
sented, the power flow and control strategy of the HPR
in different operating conditions are analyzed. Finally,
the feasibility of the proposed HPR is verified by Sim-
ulink + Plecs simulation, controller hardware-in-the-
loop (CHIL) and down-scale experimental test results.
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2 HPRtopology and its wiring scheme

The proposed HPR topology is shown in Fig. 1, where
the PF transformers are used for the main power trans-
mission and the converters are used for the active volt-
age and current adjustment. The proposed HPR topology
comprises a group-type three-limb four-winding PF
transformer, a series converter, and a shunt converter,
as shown in Fig. la. The wiring scheme of the group-
type three-limb four-winding PF transformer is shown
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Fig. 1 Typology of the Proposed HPR. a Typology of hybrid power
router (HPR); b Wiring scheme of group-type three-limb four-winding
transformer; ¢ Series and shunt PEC topologies
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in Fig. 1b. The three-limb four-winding PF transformer
comprises a three-limb transformer core, medium-
voltage, series, low-voltage, and parallel windings. The
medium-voltage winding of the PF transformer is delta-
connected to a 10 kV distribution power grid, the series
winding is star-connected to the AC side of the series
converter, the low-voltage winding is star-connected
to form a 400 V low-voltage AC (LVAC) grid, and the
parallel winding is star-connected to the AC side of the
shunt PEC. The DC sides of the shunt PEC and the series
converter are connected together to form a low-voltage
DC (LVDC) port, as shown in Fig. 1c. Compared with
the conventional PR topology based on multiple PEC
modules, the proposed hybrid scheme has the following
advantages:

(1) Simple topology and control complexity. In the
medium-voltage distribution grid scenario, only
part of required power needs to be converted by the
series and shunt PECs of the HPR, and generally,
no multilevel or multistage cascaded typologies are
required, leading to a simpler topology and control
complexity.

(2) Low investment cost. With the PF transformer,
which is low in price and mature in technology,
only a few PEC modules are needed to realize active
control. This significantly reduces the investment
cost.

(3) Low operating loss. With the PF transformer, which
has an operating efficiency of greater than 99%, the
HPR has the advantage of high operating efficiency.

(4) High reliability. The reliability of the electromag-
netic transformer is much higher than that of the
PEC device. When a PEC module fails, only the
winding bypass or open circuit scheme is required,
without disconnecting the transformer’s power

supply.

3 Operating principle of HPR

3.1 Equivalent model of the PF transformer

The proposed HPR is modeled to reflect the coupling
relationship between the PF transformer and the series
and shunt PEC modules. Given the relatively mature
modeling methods for series and shunt converters,
which can be equivalent to controlled voltage and cur-
rent sources, it mainly describes the modeling of the
new PF transformer and its coupling relationship with
the converters in this section. Considering the group-
type transformer as an example, the proposed three-
limb four-winding transformer is formed by adding the
left limb, and series and parallel windings, as shown
in Fig. 2. The voltage and current are denoted as v; and
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Fig. 2 Typology of the three-limb four-winding PF transformer

i; for the primary winding of the transformer y-phase
(y=a, b, ¢), v, and i, for the secondary winding, v; and i,
for the series winding, and v, and i, for the parallel wind-
ing, respectively. @5, ©,5, P55, and D45 denote the leak-
age fluxes of the primary, secondary, series, and parallel
windings, respectively. ®,, and @5, denote the magnetic
fluxes of the two yokes. For simplicity, the mutual leak-
age fluxes among different windings are ignored. The ref-
erence directions of quantities, such as voltage, current,
and magnetic flux, are shown in Fig. 2.
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From the magnetic flux distribution shown in Fig. 2, the
equivalent magnetic circuit (magnetic flux—magnetomo-
tive force) model of the three-limb four-winding trans-
former can be obtained as shown in Fig. 3. S}, S,;, and S5
denote the magnetic resistances of the center, right, and left
limb cores, respectively. S,, and S5, denote the magnetic
resistances of the yokes, while S,5—S,5 denote the magnetic
resistances of the leakage fluxes of the windings. F; denotes
the magnetomotive force of each winding. The total mag-
netic flux of each winding is equal to the sum of the main
magnetic flux and leakage flux, as:

D11=D15 + Doy — D3y
D33=D3y + P33
Doo=Poy + D3

Py = Doy + Py

The magnetomotive force of each winding is given by:
F;, = N;i; (2)

where the subscript i (i=1, 2, 3, 4) represents the number
of each winding, while N}, N,, N5, and N, are the turns
of the primary, secondary, series, and parallel windings,
respectively.

According to Fig. 3 and based on Ohm’s law of the mag-
netic circuit and the principle of node magnetomotive
force balance, the magnetomotive force—magnetic resist-
ance—magnetic flux relationship of the three-limb four-
winding transformer can be expressed in matrix form as
shown in (3).

F S1s =31 S1s 0 0 D13
0 =815 S15 + Sos + Sas + S1L + Sor + Soy —S2s =815 — S1L 0 —Sas | | Doy
| 0 —Sos Sos 0 0 0 Doy 3)
0 | | Sis =815 — S1L 0 S5+ S35+ S1L+S3L+S3y —S35 0 D3y
F 0 0 —833 S3s 0 D33
Fy 0 —S43 0 0 Sus Dyq

Fig. 3 Equivalent magnetic circuit model of the three-limb
four-winding PF transformer

Equation (3) can also be expressed in simple terms as:
F=S9 (4)

To deduce the equivalent circuit of the PF transformer,
Eq. (3) can be further transformed with the magnetomotive
force of each winding expressed in matrix form as:

F=NrI (5)

where I’ denotes the winding current matrix when the
turns N;, N,, N5, and N, are normalized to the number
of turn N.

According to Faraday’s law of electromagnetic induction,
the relationship between the four-winding transformer
port voltage V' and the magnetic flux @ is:
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(8)

Equation (8) is the nodal voltage equation of the
three-limb four-winding transformer. The inductance

of each magnetic circuit is defined as:
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v, can be adjusted when the amplitude and phase
of the series winding voltage v; are regulated. For a
voltage dip or distortion because of an MVAC dis-
tribution grid fault, the compensation by the series
winding voltage v, can ensure that the low-voltage
side voltage v, is unaffected, thereby improving
power supply reliability.

The low-voltage winding N, and parallel winding
N, of the new PF transformer are in parallel, and
thus the amplitude and phase of the low-voltage
side current i, can be adjusted when the amplitude
and phase of the parallel winding current i, are
regulated to realize the active power control of the
LVAC and LVDC ports. In addition, in the case of
reactive power, harmonic and unbalanced power
quality problems in the LVAC power grid, the com-
pensation by the parallel winding current i, can
ensure that the current and voltage of the MVAC

()

T Iy
1

7 0 0 y

1 _ 1 0 —-L 1
Zyy  Z1 Zay Vay

0 0 0
A 414 L, 11 9 :’2 (10)

Zis 4y L ZaL 0 Zzy I 3y
_ 1 1 0 V3

Z3y Z3y v

0 0 1 4

Z4.B -

From (8) and (9), the equivalent circuit model of the
three-limb four-winding transformer can be obtained as
shown in (10), where Z=jwL. From (10) and Kirchhoft’s
voltage and current laws, the equivalent circuit of the
three-limb four-winding transformer can be obtained as
shown in Fig. 4a. With consideration of the normaliza-
tion turn N, the equivalent circuit can be further trans-
ferred to Fig. 4b. It is noted that the equivalent circuit
model of the three-limb four-winding transformer is a
series—parallel combination relationship in which the
electrical circuit and the magnetic circuit are coupled.
Given the small magnetic resistance of the core limb and
yoke (i.e., the large excitation impedance corresponding
to the main electromotive force of each winding) [24],
if the influence of the excitation branches are ignored,
Le, branches Zy, Z,, Z3;, Z3, and Z,, in Fig. 4 are dis-
connected as shown in Fig. 4c, the winding voltages v,,
vy and v, (v,) are in series, while v, and v, are in parallel.
Therefore, the following conclusions can be drawn from

the equivalent magnetic circuit model in Fig. 3
equivalent electrical circuit model in Fig. 4:

and the

(1) The primary winding N; and series winding N of

the new PF transformer are in series, and

thus the

amplitude and phase of the low-voltage side voltage

port are in phase and the waveforms are sinusoidal,
thereby improving power quality.

3.2 Control principle of HPR

From the modeling analysis in Sect. 3.1, the active volt-
age and current control of the HPR can be realized by
adjusting the voltage and current of the series/paral-
lel windings of the new PF transformer. Therefore, the
basic control ideas of the HPR are as follows:

(1) In steady-state conditions, the active power
exchanged between LVAC and LVDC grids, and
LVAC grid current quality, are controlled by the
shunt converter, whereas the amplitude and phase
of the LVAC grid voltage are controlled by the series
converter.

In fault conditions of the MVAC distribution grid,
the series converter outputs the compensation volt-
age to ensure that the LVAC grid voltage is unaf-
fected.

)

In grid steady-state conditions, the power exchange
among the MVAC grid and the LVAC and LVDC grids
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Fig. 4 Equivalent electrical circuits of the new three-limb
four-winding PF transformer. a Equivalent circuit after normalization
to number of turn N; b Equivalent circuit considering the turn ratio
of windings; ¢ Equivalent circuit without considering the influence
of the excitation branch

is controlled by the new PF transformer and the series/
shunt PECs. When the capacity is sufficient, there is no
power transmitted by the series converter, and the nor-
malized MVAC grid voltage (v}) is equal to the LVAC
grid voltage (v5) in terms of amplitude and phase.

Figure 5a depicts the voltage—current phasor diagram
of the HPR, and Fig. 6 depicts the power flow between
the HPR ports. The relationships of the active and reac-
tive power at each port are given as:

(11)

Prvac + Psh = PLvac
Qsh = QLVaCy QMVac =0

where Py, and Qygy,. denote the active and reactive
power involved in the interaction between the MVAC
port of the HPR and the MVAC grid, respectively, with
Py v >0 indicating power being absorbed from the grid
and Py, <0 indicating power being fed back to the
grid. Py, and Qg denote the active and reactive power
involved in the LVAC and LVDC grids interaction of

(2023) 8:42
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conditions. a Without considering series winding voltage regulation;
b With considering series winding voltage regulation

the shunt converter, respectively, with Py >0 indicating
active power being transmitted from the LVDC grid to
the LVAC grid and vice versa for Py <0. Ppy,. and Q[y,.
denote the active and reactive power consumed by the
LVAC load, respectively, with Qyy,.>0 indicating induc-
tive reactive power and Qy, <0 indicating capacitive
reactive power. At this time, the output voltage of the
series converter and the output current of the shunt con-
verter satisfy the following relationship:

P LVac
+—>
_>QLV6.C

—

P sh:P LVdc

!

Qsh: QLVac

Fig. 6 Power flow between the HPR ports in steady-state conditions
(without series winding voltage regulation)

i
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Fig. 8 Voltage—current phasor diagram of HPR in MVAC grid fault
conditions (with series winding voltage regulation)

Vi=0
I =I5 cos g3 + I, cos g4 (12)

0 =I)singy + I sin g4

In addition to compensating for the reactive power of
the load with the shunt converter, the series converter
can be used to regulate the phase shift between the LVAC
and MVAC grid voltages to realize the reactive power
regulation function of the series converter, as shown
in Fig. 5b, and the power flows between the HPR ports
are shown in Fig. 7. In this case, the relationships of the
active and reactive power at each port are given as:

{ Pyrvac + PLVdc = PLvac Psh = PLVdc — Pge (13)

Qsh + Qse = QLVac» QMVac =0

where  Ppyy.=Piyacpt+Prvacess—Plvaera  denotes  the
active power transmitted by the LVDC port, Py pg
denotes the power supplied by the renewable energy,
Ppy4.ss denotes the power supplied or absorbed by the
storage energy, and Py, 4 denotes the power consumed
by the LVDC load. P, and Q,, denote the active and reac-
tive power controlled by the series converter, respectively.
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From Fig. 5b and (13), the reactive power of the LVAC
load can be redistributed between the series and shunt
converters in any proportion. The series converter can
absorb active power while supplying reactive power,
while at this time, the output voltage of the series con-
verter and the output current of the shunt converter sat-
isty the following relationship:

Vg sin (0.50) = V| — V3 cos 6

V3 cos (0.50) = V; sin6
I} = Iy cos (g2 — 6) + I cos (g4 + 6)
0= Ié sin (g — 0) + I[L sin (g4 + 0)

(14)

During grid faults, the LVAC grid voltage can be kept
in the rated steady-state value by adjusting the volt-
age injected by the series winding (v4). The power flows
among HPR ports are shown in Fig. 7, and the voltage—
current phasor diagram of the HPR is presented in Fig. 8.
At this time, the output voltage of the series converter
satisfies the following relationship:

{ Vicosf = V| — Vlﬁ cosd (15)

Vysing = VIH sin d

where Vl// denotes the magnitude of the primary winding
voltage after the sudden change of the MVAC grid volt-
age, while § denotes the phase jump angle.

4 Control strategy of HPR

As the power supply equipment of a regional distribution
grid, a PR should ensure the basic control of the voltage/
current conversion, and power transfer of the PEC mod-
ules. In addition, a PR should coordinate the operational
control of each port by comprehensively considering the
characteristics of the source-grid-load-storage device
connected at each port. Also, a PR should flexibly change
the operational mode to adapt to different operating
environments when the external power grid fails, or the
power grid is under maintenance.

In this paper, a hierarchical control strategy includ-
ing the system-level and converter-level is established to
control the power/voltage of each port of the HPR in real
time, as shown in Fig. 9. In Fig. 9, V\vacabe AN iypvacabe
are the voltage and current at the MVAC port, Viy,canc
and iy, b are the voltage and current at the LVAC port,
while Ve, per fgeabe ANd Vg b ighabe are the voltage and
current at the AC side of the series PEC and shunt PEC,
respectively. vy, is the DC bus voltage of the LVDC grid.
In the sequence decomposition part, x denotes the three-
phase voltage or current, and ¢ is a phase-shift operator
in the time-domain. This obtains the quadrature-phase
waveform (90-degrees lag) of the original in-phase wave-
form. In the PLL part, 6" is the positive phase angle of the
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Receive command value

Pyivacret, OMvacrer from
distribution grid control center

Collect Pryae, Orvaes Prvac
and SOC of ESS

Absorb insufficient APy
from AC gridto ESS

Transfer surplus APgy;
from LVDC to AC grid

Paprets Oshrer P rets Oshret Ponrets Oshrer
and Vse ahorer in (17) and Vye aterer in (16) and Vye aierer in (18)

Command voltage value for the series PEC and
command power value for the shunt PEC

End

Fig. 10 System-level coordinated control strategy of the HPR
in steady-state conditions

Receive command value

Pyvaciret; OMVacyrer from
distribution grid control center

Collect Pryac, Orvac, Prvac, SOC
of ESS and grid voltage vivvacabe

Series PEC outputs compensated
voltage (19) and (20)

Absorb insufficient APy,
from AC grid to ESS

Transfer surplus APy
from LVDC to AC grid

Pper in (22), O er in (21) Pprer in (23), Qs rer in (21)
and Ve abere £ in (20) and Vse apere £ (20)

l l l
v

Command voltage value for the series PEC and
command power value for the shunt PEC

Pairet s Oshrer i (21)
and Vye apere 10 (20)

End

Fig. 11 System-level coordinated control strategy of the HPR in grid
fault conditions

MVAC grid voltage. 6, and 6y, are the respective phase
angles for the series PEC and shunt PEC. The super-
scripts ‘+” and ‘—’ indicate positive and negative variables
of voltage and current in the dq-frame, respectively.
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For system-level control, the power/voltage command
of each port is obtained through the interaction with the
power distribution grid control center to realize the coor-
dinated control of the operational mode, fault isolation,
and fault ride-through. When the system-level control
layer receives a scheduling instruction from the distribu-
tion grid control center, the working condition instruc-
tions are issued to the HPR controller according to the
collected port information and HPR status. Even if there
is no scheduling instruction, the appropriate working
conditions can be selected based on the current working
state of the HPR controller. The system-level coordinated
control strategies in steady-state and grid fault conditions
are shown in Figs. 10 and 11, respectively.

In steady-state conditions, the system-level con-
trol layer receives a scheduling instruction Py, rep
Qmvacret aNd Ve qpcrer from the distribution grid con-
trol center, and collects each port status of the HPR,
including Py, Quvae Prvac and the state-of charge
(SOC) of the ESS. If the SOC of the ESS is within the
normal range [SOC,;,, SOC,, .. ], the ESS maintains the
DC bus voltage of the LVDC grid, and the shunt PEC
provides the active and reactive power (P .opp Qqprer)
supplement or absorption when a power compensation
is needed from the distribution grid control center,
shown as:

P sh,ref = P MVac,ref — Prvac
Qsh,ref = QMVaC,ref - QLVac

Vse,aberef = 0

(16)

It should be noted that there is no need to output the
compensated voltage v, ... for the series PEC in steady-
state conditions, i.e., Vg, e =0. If the SOC of the ESS
is out of the normal range, the shunt PEC has to revise
the command value to maintain the DC bus voltage.
If the SOC of the ESS is larger than SOC,,,, it means
too much power for the LVDC grid. The shunt PEC will
transfer surplus power APy, from the LVDC to the AC
grid. Then, the updated active and reactive power com-
mand values can be expressed as:

Psh,ref = PMVac,ref — Ppvac + APgy1

Qsh,ref = QMVaC,ref — QLvac (17)
Vse,aberef = 0
If the SOC of the ESS is smaller than SOC_,, the

shunt PEC has to absorb insufficient power AP, from
AC grid for maintaining the DC bus voltage. Then, the
active power command values can be revised as:

Psh,ref = PMVac,ref - PLVac - APsh2 (18)
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In grid fault conditions, the system-level control layer
needs to prioritize the voltage compensation function.
In order to avoid the phase angle jump at the LVAC grid
during grid faults, the series PEC has to compensate
the sag/swell voltage so that the LVAC voltage is well
compensated with respect to the pre-sag/swell voltage.
Because of the Dynl1 connection of the 10 kV / 400 V
PF transformer, there exists a 1/6-degree shift between
the MVAC and LVAC sides. Then, the desired LVAC
grid voltage Vi, aberef €N be expressed as:

VLVacaref = VLVacN Sin (9+ + 7T/6)
VLvacbref = VivacNsin (07 +7/6 =27 /3) (19)
VLVac,cref = VLVacN Sin (9+ + 7T/6 + 27‘[/3)

where Vi, \ is the nominal amplitude of the LVAC grid
voltage.

Then, to maintain the LVAC voltage at a nominal
value and achieve phase angle correction, the series
PEC voltage references v, ... can be generated as:

_ N3 N3
Vsearef = N, VLVacaref — J; YMVac,ab

N3 N3
Vse,bref = EVLVac,bref - EVMVaC,bc (20)
N3 N3

Vse,cref = FVLVac,cref - ATVMVac,ca
2 1

where N, N, N;, and N, are the turns of the primary, sec-
ondary, series, and parallel windings, respectively. vy, b
VMvacbe AN Vijyqc cq are the line voltages of the MVAC grid.
After the sequence decomposition and abc/dq transforma-
tion, the d-axis and g-axis components can be respectively

. + + _ _
derived as v se,dref/v se,qref’ and v se,dref/v se,qref”

To avoid overcurrent at the MVAC port during a grid
fault, the transferred power Pypucres Qmvacrer Will be
revised with respect to the severity of the grid fault. We
define D= Ve /Vivacn €10, 1] as a voltage dip factor
representing the severity of the grid fault, where V),
and Vyyy,.n are the actual and nominal phase voltage
amplitudes of the MVAC grid, respectively. Then, the
active and reactive power (Py, ., Qg f) Supplement or
absorption by the shunt PEC in (16)—(19) are updated as:

Psh,ref = DPMVac,ref + Pse — PLyac (21)
Qsh,ref =D QMVac,ref + Qse - QLVac
Pgp ret = DPppvac ref + Pse — PLvac + APgh1 (22)
Pyp et = DPpvac,ret + Pse — PLvac — APgho (23)

where Pse = (I_D)PMVaC,ref and Qse= (1-D) QMVac,ref' In
addition, in the case of severe short circuit faults or pro-
longed voltage sags which exceed the system capacity,
the HPR needs to cooperate with the relay protection of
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the MVAC grid to convert to islanded mode. In this case,
load-shedding may have to be considered to maintain
healthy operation of the ESS.

For the converter-level control, the dual closed-loop
control method under positive and negative dqO-frame
is adopted [25]. The outer loop of the series converter
calculates the current reference value by tracking the
required injected series voltage, and the outer loop of
the shunt converter calculates the current reference
value based on the active and reactive power tracking.
The inner loops of the series and shunt converters adopt
feedforward decoupling current control. It is noted that
either a proportional integral (PI) or proportional inte-
gral resonance (PIR) regulator can be used for the outer
loop regulator (OLR) and the inter loop regulator (ILR)
to precisely track the reference values, whereas the PI
is used for the OLR and ILR in this paper. The second
order generalized integrator (SOGI) method for decom-
posing the sequences of voltage and current signals is
implemented here [26], as shown in Fig. 9. Also, the
SOGI-based phase-locked loop (SOGI-PLL) [26] is used
to provide an effective solution for grid synchronization
in grid asymmetric faulty conditions. Finally, sinusoi-
dal pulse width modulation (SPWM) technology is used
to generate the switching signals for the switches of the
series and shunt converters.

The function of the ESS with a DC/DC converter in the
proposed HPR is to maintain the DC bus voltage of the
LVDC grid [25, 27, 28], and to provide the active power
supplement or absorption when a power compensa-
tion is needed for the power fluctuation in the proposed
HPR. Since the LVDC DC bus voltage is controlled by the
ESS with the bidirectional DC/DC converter, the shunt

Table 1 Simulation parameters of HPR

Transformer turn ratio Ny:Ny:N3:iN, 0000:231:462:462

Parameter Value
MVAC line-to-line voltage vy,/kV 10
LVAC line-to-line voltage v;y../V 400
LVDC voltage vjyg/V 1,500
Rated capacity of MVAC port TMVA
Rated capacity of LVAC port TMVA
Rated capacity of shunt PEC TMVA
Rated capacity of series PEC TMVA

1

1

Shunt PEC filter inductance Ly,/mH

Shunt PEC filter capacitance C,,/uF 2,000
Series PEC filter inductance L,./mH 1
Series PEC filter capacitance C,./uF 2,000
DC bus capacitance Cy/mF 20,000
Switching frequency of PECs f;,/kHz 10
Grid frequency f/Hz 50
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converter can operate in active and reactive power control
mode and the series converter in voltage control mode.
The ESS control scheme with DC/DC converter is also
shown in Fig. 9. The voltage loop is formed by compar-
ing the real-time LVDC voltage v;y4. with the reference
LVDC voltage viyqc . before feeding into the PI regulator,
whose output is then sent to the pulse width modulation
(PWM) generator to generate the switching signals.

5 Simulation results
The distribution grid/microgrid shown in Fig. 1 is built
on the MATLAB/Simulink + Plecs platform to verify the
feasibility of the proposed HPR. The main parameters of
the HPR are shown in Table 1. Among them, the LVAC
active and reactive load is simulated with a resistor and
an inductor, the storage energy is connected to the LVDC
bus through the bidirectional Boost converter, and the
DC load is resistive.

In the MVAC grid steady-state conditions, the simula-
tion settings are as follows:

« From 1.0 to 1.1 s, the active and reactive power of the
LVAC grid are 400 kW +j300 kVar. At this time, the
shunt PEC only compensates for the reactive power
of the LVAC grid and the transmitted active power
is 0. As the MVAC grid voltage is normal, the output
voltage of the series PEC is also 0.

+ From 1.1 to 1.2 s, the active and reactive power of the
LVAC grid suddenly increase by 400 kW +j300 kVar.
At this time, the shunt PEC still only compensates for
the reactive power of the LVAC grid, and the trans-
mitted active power by the shunt PEC is 0.

« From 1.2 to 1.3 s, the LVDC grid transmits 300 kW
active power to the LVAC grid through the shunt PEC.

Figures 12 and 13 show the dynamic simulation results
of the power flows among the HPR ports. As shown in
Fig. 12¢, d, the LVAC grid voltage is always at the rated
value under the sudden change of LVAC load. After
the reactive power compensation by the shunt PEC, as
shown in Fig. 12h, the voltage and current of the MVAC
port are in phase, indicating only active power is pro-
vided by MVAC grid, as shown in Fig. 12b. Because no
compensation voltage is required from the series PEC in
steady-state, the active and reactive power transmitted by
the series PEC remain at 0, as shown in Fig. 13. There-
fore, the active power transmitted by the shunt PEC can
be regulated in steady-state to adjust the power control
between the LVAC and LVDC grids, and the power qual-
ity of the LVAC grid can be compensated by the HPR,
ensuring that the voltage and current of the MVAC port
are in phase with sinusoidal waveforms.
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Fig. 14 Dynamic simulation waveforms of the conventional
transformer in an MVAC grid fault

In the MVAC grid fault conditions, the simulation set-
tings are as follows: from 1.0 to 1.1 s, the three-phase
voltage of the MVAC grid drops symmetrically by 50%;
from 1.2 to 1.3 s, the phase A voltage of the MVAC grid
drops by 50%; and at 1.25 s, the active and reactive pow-
ers of the LVAC grid increase by 400 kW +j300 kVar.

Figure 14 shows the dynamic simulation results of
a conventional transformer in grid fault conditions.
Because the conventional transformer has no series volt-
age compensation correction function, a symmetrical or
asymmetrical voltage dip occurs in the LVAC grid dur-
ing a symmetrical or asymmetrical MVAC grid fault, as
shown in Fig. 14a, c. For the asymmetric LVAC voltage,
the output three-phase current of the shunt PEC without
the fault ride-through function will be severely distorted
(see the current waveforms during 1.2-1.3 s in Fig. 14f),
and the current at the MVAC port will also be distorted.
Therefore, the fault isolation and voltage support capa-
bility cannot be achieved using the conventional trans-
former during the MVAC grid fault.

Figure 15 shows the dynamic simulation results of
the HPR in MVAC grid fault conditions. During a
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Fig. 15 Dynamic simulation waveforms of the proposed HPR
under MVAC grid fault conditions

symmetrical or asymmetrical voltage dip on the MVAC
grid, as shown in Fig. 15a, the series PEC can be con-
trolled to inject a support voltage to ensure that the
LVAC grid voltage is always at the rated value and unaf-
fected by the MVAC grid voltage disturbance, as shown
in Fig. 15¢, e, thereby ensuring high-quality power supply
for LVAC and LVDC users and renewable energy power
generation equipment. During a symmetric or asymmet-
ric voltage dip of the MVAC grid, the power at each port
of HPR satisfies PMVac+Psh+Pse=PLVac’ Qsh+ Qse= QLVac’
and Qyv,.=0, as shown in Fig. 16. In conclusion, the pro-
posed HPR can realize fault isolation between MVAC and
LVAC grids with the active voltage support of the series
winding, thereby improving the power supply reliability.
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Fig. 16 Dynamic simulation waveforms of power flow
among the HPR ports in MVAC grid fault conditions

OP5600 real-

time simulator

Host PC

Fig. 17 RTLAB-Based CHIL platform

6 CHIL and down-scale experimental test results
6.1 CHIL test results

An RTLAB-based CHIL is built to further validate the
correctness of the proposed HPR typology and theoret-
ical analysis. As shown in Fig. 17, the HPR and grids are
modeled in the OP5600 real-time simulator. The control
system of the HPR is implemented in a DSP + FPGA-
based control box, with the DSP (TMS320F28335)
used for the control algorithm implementation, and
the FPGA (EP3C25E144I7N) for the SPWM and opti-
cal fiber communication. The control box is connected
to RT-LAB through the signal conversion module for
optical fiber communication. The CHIL parameters are
consistent with the simulation parameters.
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Fig. 19 Results of port power change of the proposed HPR
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Figure 18 shows the waveforms of the phase A volt-
age and current at each HPR port in grid steady-state
conditions. The active and reactive power of the LVAC
grid are 400 kW +j300 kVar. At this time, the LVAC
current lags behind the voltage, as shown in Fig. 18a.
The shunt PEC only compensates for the reactive power
of the LVAC grid, so the transmitted active power is 0,
as shown in Fig. 18b, while the MVAC voltage and cur-
rent are in phase. Figure 19 shows the dynamic wave-
forms of power change of the HPR ports in steady-state
conditions. The shunt PEC outputs reactive power and
linearly increases the output active power by 200 kW
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Fig. 20 Results of the conventional transformer in an MVAC grid
asymmetrical fault condition. a three-phase MVAC grid voltage;
b three-phase MVAC current; ¢ Phase A voltages at MVAC, series
winding, and LVAC

within 0.1 s. From Fig. 19, it can be concluded that the
power transmitted by the HPR ports can be regulated
by the shunt PEC module.

Figure 20 shows the CHIL results of the conventional
transformer in MVAC grid asymmetrical fault con-
ditions. The active and reactive powers of the LVAC
grid maintain at 400 kW +j300 kVar, and the reactive
power is compensated by the shunt PEC. Because the
conventional transformer has no series voltage com-
pensation correction function, an asymmetrical volt-
age dip occurs in the LVAC grid in the case of a MVAC
grid asymmetrical fault, as shown in Fig. 20c. In addi-
tion, if the conventional PEC is not configured with the
negative-sequence control loop and fault ride-through
function, the current at the MVAC port is severely dis-
torted because of the asymmetrical fault, as shown in
Fig. 20b. Therefore, the voltage support capability can-
not be achieved using a conventional transformer.

Figures 21 and 22 show the dynamic results of the
HPR under MVAC grid symmetrical and asymmetrical
fault conditions, respectively. When the voltage of the
MVAC grid drops by 50%, the series PEC can be con-
trolled to inject a support voltage to ensure that the
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LVAC grid voltage remains at the rated value and is
unaffected by the MVAC grid disturbance, as shown in
Figs. 21 and 22. Therefore, the fault isolation and volt-
age support capability can be well realized using the
proposed HPR during the symmetrical and asymmetri-
cal grid faults.

To further verify the disturbance/fault isolation per-
formance of the HPR, the MVAC grid voltage is set to
contain 0.1 pu 5th and 0.05 pu 7th harmonics. As shown
in Fig. 23, the MVAC grid voltage is severely distorted.
After the voltage correction by the series PEC, the LVAC
voltage maintains a sinusoidal waveform, as shown in
Fig. 23b. The CHIL results of these two abnormal condi-
tions agree with the theoretical analysis and simulation
results, so the active voltage correction and fault isolation
capabilities of the HPR are verified, ensuring the normal
operation of non-faulty ports.

6.2 Down-scale experimental test results

To further prove the effectiveness of the proposed HPR,
a down-scale experimental prototype was built, as shown
in Fig. 24. The grid fault is emulated by the programma-
ble AC source, and the ESS is emulated by the DC source.
The controller is implemented with DSP TMS320F28377.
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Fig. 24 Down-scale experimental test platform
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Fig. 25 Down-scale experimental results of voltage support
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Fig. 26 Down-scale experimental results of voltage support
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The experimental parameters are as follows: the root
mean square (RMS) value of the phase voltage at the
MVAC port is 60 V; the RMS value of the phase voltage
at the LVAC port is 60 V; the DC bus voltage is 200 V; the
turn ratios of N}, N,, N3, and N, are N: N,: N3: N;=1.73:
1: 1: 1; the inductor and capacitor of the LC filter are 5
mH and 22 pF, respectively.

In the down-scale experimental test part, we focus
on the fault isolation and voltage support performance
of the HPR when the MVAC grid faults occur, thereby
ensuring the healthy operation of the LVAC grid. The
performance in an MVAC grid fault with 100% voltage
drop of single-phase and two-phase, and 80% voltage
drop of three-phase is investigated. Figures 25, 26 and
27 show the experimental results of the HPR in MVAC
grid asymmetrical and symmetrical fault conditions
with phase A 100% voltage drop, two-phase 100% volt-
age drop, and three-phase 80% voltage drop, respec-
tively. When the voltage of the MVAC grid drops, the
series PEC can be controlled to inject a support volt-
age (as shown in Figs. 25, 26 and 27b) to block the grid
fault, ensuring that the LVAC grid operates in its pre-
fault state and is unaffected by the MVAC grid distur-
bance, as shown inFigs. 25, 26 and 27c. Therefore, the
fault isolation and voltage support capability can be
well realized by controlling the series PEC of the pro-
posed HPR during symmetrical and asymmetrical grid
faults.

7 Conclusions

In this paper, an HPR scheme based on PF transformer
electromagnetic coupling with PECs is proposed. The
equivalent magnetic and electrical circuits of the novel
PF transformer are established, and its working principle
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and port power flow are analyzed, with the control
scheme presented. Based on theoretical analysis and sim-
ulation and prototype experimental tests results, the fol-
lowing conclusions are drawn.

(1) The series PEC of the HPR can actively regulate the
voltage, and the shunt PEC can actively regulate the
current. When combined with the active controls,
the converters can realize flexible control of volt-
age and current at each HPR port to ensure that
the voltages of the LVAC and LVDC grids are unaf-
fected by the MVAC grid fault disturbance.

(2) With the PF transformer in the proposed HPR,
only part of the power needs to be converted by
the PECs of the HPR. Generally, no multi-level or
multi-stage cascaded PEC structures are required,
leading to simple topology and control complexity
of the proposed HPR scheme.
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