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Abstract

AC/DC power distribution networks use various types of power converters to interconnect their buses,
active front ends between AC and DC buses, and DC transformers between DC buses. Different active
front end control methods, like voltage or power regulation, can be implemented to set the power flow
throughout the DC network. They offer equivalent steady state but behave differently during transients.
In this paper, power distribution networks with multiple active front end converters operating in various
combinations of voltage and power-regulating modes are analyzed. This study shows that using only
voltage-regulating active front ends results in slower transients when DC transformers are integrated in the
power distribution network while power-regulating active front ends have faster transients but can cause
much larger voltage overshoots. A parametric model that accurately estimates the network transient is
developed and experimentally verified.

AC/DC Power
Distribution Network

1 Introduction AC DC line
h Ac LAFE
Growth in the share of renewable energy resources = DC
in the energy mix is pushing for paradigm changes DCT Grid
in the power distribution systems, among which G DC
is the change from AC-only power distribution AFE EE
networks (PDNs) to hybrid AC/DC PDNs [1]-[3] : DO
as illustrated in Fig. 1. AC and DC power sources Grid e
(thermal power plants or solar and wind), storage o m DCT DC h
(pumped hydro or battery-based...) and loads [ = | Gt

are employed, creating interconnected AC and
DC subnetworks. This AC-DC interconnection
is performed by active front ends (AFEs) [3]-[5]
when bidirectional power flow is desired. Between
AC buses, interconnection is typically achieved by
conventional passive AC transformers while for
DC buses, various converter-based solutions are
proposed and one specific realization, namely the
DC Transformer (DCT) is considered in this work.

The DC transformer is an isolated DC/DC
converter designed to behave as the DC equivalent
of the AC transformer by offering galvanic isolation
and voltage adaptation. Since it is a power
electronics-based converter, an active control is
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Fig. 1: Example of an hybrid AC/DC power distribution
network with DC transformers interconnecting
DC buses.

also often proposed to regulate its buses power
flow and voltage level [6]-[9]. Other solutions,
based on resonant topologies [10], [11], provide
voltage adaptation and natural power flow without
active regulation. The power flow and DC voltage
regulation action are left to the surrounding
converters at the buses, mainly the AFEs [10], [11].

Those converters can control the bus power or
the bus voltage [12]. When the AFE is set in
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power regulation (PR-AFE), it controls the power
in its connected buses and to ensure voltage

stability, another device must control the voltage.

Instead, when the AFE is set in voltage regulation
(VR-AFE), it controls the DC bus voltage, while
external sources and loads create some power
demand in the bus.

By connecting VR-AFEs, PR-AFEs and DCTs,
it is possible to regulate the power flows and

voltages across the network in many different ways.

Resonant DCTs have been subject to substantial
research resulting in their potential use in large
scale networks and an assessment is necessary to
evaluate their operational performances especially
during power and voltage transients. Efficient
designs [11] and parametric models [13] have
been developed but not evaluated in real-world
applications. Furthermore, the same power and
voltage steady state can be achieved with multiple
combinations of VR-AFEs and PR-AFEs but,
because the control actions are different, the
performance during transients is different as well.

This paper develops parametric models that
are validated through experiments in a laboratory
DC microgrid to compare and predict the impact
of those two configurations on voltage and power
dynamics when DCTs are employed. It is shown
that the operating performances are largely
dependent on the DC transformer equivalent circuit
parameters, proportional to the losses, and the
employed DC-link capacitances.

2 Considered Converters

The topology and the control structure of the
converters used in this study are presented
hereafter along with the relevant models and
transfer functions for their application in DC grids.

2.1 Active Front End

The AFE considered in this study, shown in Fig. 2
can be set to either regulate the AC power or the
DC voltage. When the AFE regulates the DC
bus power (PR-AFE), a conventional single stage
controller for AC currents regulation is implemented
as in Fig. 2b, with a phase-locked loop (PLL)
ensuring grid angle tracking. Meanwhile, when the
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Fig. 2: Schemes of AFEs:

(a) power stage, (b) controller
of a PR-AFE and (c)

controller of a VR-AFE.

AFE regulates the DC bus voltage (VR-AFE), a
second stage DC voltage controller is added to
regulate the voltage by adjusting the AC power
reference, implemented as in Fig. 2c with a PI
controller.

The VR-AFE controller transfer function is,
when the grid current control dynamics are
neglected:

Idc,AFE Kp pves + K1 pve
Tave = m = Cpc- s (1)
dc dc

And the PR-AFE current transfer function is mod-
eled as a low-pass filter:

G _ ldc, AFE _ P _ Wgce 2)
REF = “REF __ — PpREF
Ydc,AFE Pt § + Wgee

with wy. representing the current control bandwidth.

2.2 DC Transformer

The DCT considered in this paper is a bidirectional
resonant converter based on the LLC topology as
sketched in Fig. 3, operating near the resonant
frequency. It is operated in open-loop by modulat-
ing only the primary-side or the secondary-side
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Fig. 3: DCT scheme with the power stage (LLC topol-
ogy) and the controller stage, that includes a
power reversal method (PRM), a soft-start (SS)
function, an idle mode (IdM) detection function
and an overcurrent limiter (OL).

b1 L)(l L)(l Im L D(l 1

TD']\\FZ ?ﬂﬁ

Fig. 4: (a) Model of the DCT [13] (b) S|mpI|f|ed model.

full-bridge, without any active closed-loop power
flow regulation.

A DCT model is derived based on previous
works [13] with the transformer equivalent capac-
itances, inductance and resistance to describe
its behavior during transients. The DCT DC-link
capacitances are ensuring low voltage ripples
during switching. The resistance is associated to
the losses in operation and is designed to be small.
The inductance is approximately the resonant
inductance L,, part of the resonant tank that is
having ringing at a frequency close to the switching
frequency. As the time constant 7 = RLT is
very small (around 4ps in the DCTs of this
study), the inductance can be neglected and hence,
the model can be simplified to one shown in Fig. 4b.

3 DC System Modeling

A model is proposed in this section to estimate
and predict the dynamic response of the system
drawn in Fig. 1 for PDN configurations with mixed
VR- and PR-AFEs using simple parameters:
hardware values, AFE controller gains and DCT
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Fig. 5: Schemes of the simplified PDN configurations:
(a) VR-VR configuration (b) VR-PR configura-
tion.

characteristic performance (efficiency). To simplify
the initial modeling, a reduced system comprised
of two AFEs and one DCT is considered and in
such system, as sketched in Fig. 5, two AFEs con-
figurations are possible. In the first case, the two
AFEs are set as VR-AFEs (VR-VR configuration)
and the power flow is then regulated by adjusting
the DC buses voltage difference. In a second case,
one AFE is set as PR-AFE while the other is set as
VR-AFE (VR-PR configuration).

3.1 Model for VR-VR Configuration

This model, illustrated in Fig. 6 combines the model
of the AFE of (1) and the DCT model of Fig. 4. The
DCT adds extra capacitance with:

Che = Cbc,are + Cpe,pet 3)

and the DCT resistance is responsible for a feed-
back loop along with an interaction between the
two bus voltages vqc,1 and vqc 2. Based on Figs. 4b
and 6a, the plant equations can be written as:

v -1 |2

de,1 (C/S + RDCT) . ‘AFE,I

Udc,2 1AFE,2
H

Vdc TAFE

(4)

with:

! __ !
C'= DC

1 1 -1
Rper -1 1

RDCT =
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One thing that can be noticed is that the DCT
connecting two DC lines introduces a pole in the
plant transfer function, whose value is dependent
on the capacitances and DCT resistance.

The AFE controller transfer function T} ., on
the other hand, can be written as:

LAFE =
REF
Kppvc s+ Kipve 1 0] [v4e] — Vde1
Cbc,AFE 0 1| | REF
S /UdC,Q - vdc’2
Tn/lvc 'Ug{cEF_'Udc

(6)
Combining (4) and (6), the reference-to-actual DC
voltage transfer function Gy is:

vie = H - Tfyo - (V" — vae)
= [L+H T, - H T, o (7

dec

And the voltage-to-power transfer function Gvq. p
is:
Pac = Vdc . Tévc : (IQ - dec) "UEZEF (8)

Gvdc,p

In Fig. 7, the impact of the DCT capacitance
and resistance on the transfer functions is an-
alyzed. When the DCT resistance increases,
the magnitude of the cross-coupling term G3!_
decreases. In the same time, the magnitude of
the direct term G32_ is increasing, which results
in better voltage reference tracking up to higher
frequencies. So, large DCT resistance, despite
also meaning an inefficient DCT, reduces the
cross-coupling and improves the direct reference
dynamics. Looking at the low-frequency part of
the voltage to power transfer function Gvq. p, the
magnitude of both the direct and cross-coupling
terms is dropping with the increase of DCT
resistance. Note that, in practice, the losses
change with the operating point and hence this
DCT resistance can greatly vary and the model
must be adapted. As for the capacitance, it plays

mainly a role at frequencies above 3 Hz.

3.2 Model for VR-PR Configuration

The plant can be modeled the same way as for the
VR-VR configuration so (4) is still valid but since
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Fig. 6: Simplified DC System in VR-VR configuration:
(a) system layout (b) derived control loop.
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Fig. 7: Bode plots for the PDN transfer functions in VR-
VR configuration for: (a) different Rpcr values
and (b) different C},, values.
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Fig. 8: Simplified DC System in VR-PR configuration:
(a) system layout, (b) derived control loop.

AFE; is in VR mode while AFE; is in PR mode, the
control loop, sketched as in Fig. 8b, must be splitted
between the AFE; voltage control action and the
AFE, current control action. The DC voltage is

thus:
0 0
vq. =H - (GREF {0 1]

N———

.REF
TAFE

Based on that, the power reference-to-voltage trans-
fer function Gp v is:

JZa
_ Gl _ s
8 190 \ g 10 O f " Pvdc
2 21
RDCT GPA\'(]L'
180 180
—~ 90 —~ 90
; 0 : 0 :
N -90 Rper N -90 C;)(‘
-180 -180
0 0
~ 10 ~ 10
< g Cre
- - o1
Pac,Pac
180 180
— 90 RD(;T T 90 C%C
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Fig. 9: Bode plots for the PDN transfer functions in VR-
PR configuration for: (a) different Rpcr values
and (b) different C},, values.

GPac,pac @and Gp vq. are modeling the system re-
sponse to a power reference step in AFE,. In Fig. 9,
Bode plots of the transfer functions are drawn for
different DCT capacitance and resistance values.
As it can be seen, the low frequency magnitude of
the G’y increases with the resistance. At higher
frequencies, the DCT resistance is however having
minor impacts on the direct term, but as it increases,
the cross-coupling decreases. Hence, large DCT
resistance is expected to have little impact on the
direct term voltage dynamics but it could improve
the cross-coupling transients. The Gp,¢ pac cut-off
frequency is also decreasing as the resistance in-
creases. The capacitance has mainly an effect on
the cut-off frequency for both Gp vac and Gpac,pac:

vae = I+ H-Gvy) - Gy - i{EE as the capacitance increases, the cut-off frequency
1 1 _REF is decreased.
= (Ig + H - Gv) -G - v -ljaC (10)
dc
p 4 Extension to Larger PDNs
P,Vdc
And the power transfer function Gpac,pac is: Considering larger PDNs with more than two AFEs
. and more than one DCT, the transfer functions pre-
Py = (I;+ Gy -H)™'- G -P"F (11)  sentedin (9) to (11) are still valid but the matrices
Grrae pac H, Gy and G must be adapted.
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Firstly, the plant transfer function H presented in
(4) becomes:

Ude,1 . IAFE,1
_ / —1 -
.« e —(CS+RDCT> * .... (12)
Udc,n H 1AFE,n
N—— —_———
Vdc TAFE

where n is the number of buses in the system. C
is the capacitance matrix:

C' = ]/DC,Z' (13)

where Cpc; is the sum of all the capacitances con-
nected to bus i, this may include AFEs and DCTs
DC-link capacitances. Ry is the admittance ma-
trix:

_ 1
Rper,ij

—1 o 1
RDCT - Z’f Rpcr,ik

o 1
Rpcr,ij

(14)
where Rpcr,; is the resistance of the DCT
connected between bus i and j.

Secondly, considering a system with nyg

VR-AFEs and npr PR-AFEs, (9) can be re-written
as:

vae = H - (Gr- {5 + Gv - (vi™ —vac)) (15)

with:

!
Gy = Tiye G =

0 0

GREF,i
(16)
where Ty ., is the AFE; DC voltage controller

transfer function and Ggrgr,; is the AFE; power
reference transfer function.

The voltage and power equations for VR-VR
and VR-PR configurations (9,7,8, 10,11) can
then be combined into a new set of generalized
equations. The impact of references on the
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voltages can be written as:

Vde = (In + H - Gv)_l -H - GV 'U?CEF
dec
+ (I, +H-Gy) ' H G-V -PREF

Gp vdc
(17)
And the impact of the references on the powers can
be written as:

Py =V - Gy - (I — Gaye) -0REF
dec
+ (I, +Gy-H) " G -PIFF

(18)

GPaC,PaC

So, by computing H, Gv and G; based on
the element parameters, the transfer functions
that characterize the system voltage and power
dynamics can be obtained for all mixed VR- and
PR-AFEs configurations.

5 Experimental Validation

A power distribution system composed of four DC
buses enabled by four AFEs and three DCTs as
sketched in Fig. 10 is considered. The four AFEs
used are presented in Fig. 10b. Figs. 10c and 10d
show one AFE unit and one DCT unit, respectively.
AFE hardware parameter values are presented in
Tab. 1. The chosen controller gain values for the
DC voltage controller (DVC), the grid current con-
troller (GCC) and the PLL are summarized in Tab. 2.

As for the DCT, to enable the use of DCT in
grids, various features are additionally imple-
mented. A power reversal method (PRM) achieves
seamless power reversal when conditions to do
so are detected in DC grid [11], [14]. To improve
the DCT efficiency at low power, an idle mode
(IdM) is activated when zero current operation is
detected. An overcurrent limiter (OL) [15] is limiting
the current in the resonant tank to avoid damages
on the active stage. Finally, every time DCT is
started and to avoid excessive inrush currents, a
soft-start (SS) is implemented [11].
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Fig. 10: Hybrid AC/DC distribution system considered (a) scheme, (b) four active front ends and line emulator (c)
active front end elements, (d) DC transformer.

Tab. 3: DCT Parameters

Parameter | Value Gain
Jsw 8kHz fsampling
Ly 600 pH waGee
Ry 66 mQ Kp pvc
C 100 pF Kipve
Lo 300 uH (%) max
Ripo 33mQ Kpprr
Cpcare || 4.7mF KipLL

Value Parameter Value

8 kHz fsw 10kHz
2.67krads™ C. 37.5F
133 L, 11.6 uH
2133 Ly, 750 pH
200Vs! fe 10.7 kHz

92 n 1

4232 Cpe.per 1.02mF

5.1 VR-VR Model Validation

The responses modeled by G4y and Gyq.p are
compared to the experimental results in Fig. 11.
As it can be seen, the step response computed
using the model transfer function is close to the
experimental response. Both the shape and the
response time are matching, the initial voltage drop
is well modeled (AFE{: experimentally voltage
drop of 5V compared to 7V in the model, AFE,:
experimentally drop of 13V compared to 10V in
the model) and the settling times are very close
(approximately 1s).

This model explains why transients in a VR-
VR configuration are so long. The DCT resistance
introduces a feedback in the plant model that
significantly damps the response of an AFE DC
voltage controller based on a PI regulator.
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5.2 VR-PR Model Validation

The step response modeled by Gp vac and Gpac pac
are compared to the experimental results in Fig. 12.
It can be seen that the model matches very
well with the experimental results with the same
response time (settling time of around 100 ms for
both modeled and experimental voltage response)
and characteristic shape (similar value for the initial
voltage drop (18 V for vq. 1) for both the model and
the experiments).

This model can therefore reliably predict the
significant voltage drop caused by power steps
in the bus, originated by AFEs or any DC load or
source. An increase in the DC bus capacitance or
the DCT resistance reduces the voltage drop but
will also results in a slower voltage response.

© VDE VERLAG GMBH - Berlin - Offenbach



PCIM Europe 2023, 09 — 11 May 2023, Nuremberg

Bl Experiments € JModel |

Vd
V)

734V |

dc,2

(kW)

Pdc,l P d

1 h
1.5 2 2.5 3
Time (s)

Fig. 11: Comparison of modeled and experimental
power step responses for the VR-VR config-
uration for a voltage reference step in AFE»
(750V to 734 V).

Tab. 4: Power and Voltage Steps for Schemes Compar-

ison
Test Vo{f:l,i2 — Vdfg,l2 P /ix%,z — P 25,2 Ry
® | 750V — 742V | OkW — 10kW | 0.59 Q
@ | 750V — 737V | OkW — 20kW | 0.46 Q
® | 750V — 734V | OkW — 30kW | 0.40Q
a1+ (Vac —Vin))

*R73 is obtained by the formula i

pfin

ac,2

5.3 Comparison and Discussion

To compare the two configurations, power steps
of up to 30 kW are performed. Voltage and power
reference values are summarized in Tab. 4. The
resulting waveforms are shown in Fig. 13. In the
VR-VR configuration, the voltage and power set-
tling time is much slower compared to the VR-PR
configuration. It takes from 0.78 s to 1.10 s for the
voltage to settle in the VR-VR configuration when
it takes only 100 ms for the VR-PR configuration.
However, in the VR-PR configuration, a very
large initial voltage drop is occurring as the power
settles in around 50 ms. This voltage drop is much
larger in AFE,, more than twice the one in AFE;.
The voltage settling time, around 100 ms is also
significantly faster than in the VR-VR configuration.

Another thing that can be noticed is that the equiv-
alent resistance R}3, compiled in Tab. 4, between
the two AFEs decreases with the power step. As
predicted by the VR-VR model, this impacts signif-
icantly the response of the VR-VR configuration,
with a settling time that increases as the power in-
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Fig. 12: Comparison of modeled and experimental
power step responses for the VR-PR configura-
tion for a power reference step in AFE, (20 kW
to 30 kW, with a non-filtered step of power ref-
erence (Grer(s) = 1)).
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(a) VR-VR Configuration

w
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N
=
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3
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ac,1
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I a
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—
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(b) VR-PR configuration

Fig. 13: Power steps of Tests @, @ and ®: (a) VR-VR
configuration: voltage steps of AFE, from 750 V
to 742V, 737V, 734V (b) VR-PR configura-
tion: power steps of AFE, from 0 kW to 10 kW,
20 kW, 30 kW. VdPg:ElF is kept at 750 V.

creases and the DCT resistance decreases. In the
VR-PR configuration, the DCT resistance on the
other hand affects very little the voltage and power
response.
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Fig. 14: Step response to voltage steps in a three bus system (a) scheme with three AFEs and two DCTs, step
response to a voltage reference step for (b) AFE, (750V to 741V), (c) AFE3 (750V to 745 V).

The VR-PR configuration is thus faster (smaller
settling time) than the VR-VR configuration but it
suffers from larger voltage drops. The VR-VR con-
figuration response is also significantly damped by
the DCT resistance (the lower the DCT resistance,
the larger the damping).

5.4 Extended System Model Validation

The model extension is validated with experiments
for a larger system in VR-VR-VR configuration with
two DCTs as shown in Fig. 14. The AFEs are identi-
cal to the AFE of Fig. 10c (same ratings, same hard-
ware values, same controller gains) and the two
DCTs have similar characteristics (Rpct, Cbc,pct)
as the DCT of Fig. 10d. Response to a voltage
reference step in bus 2 and bus 3 is compared with
the model response. For both steps, the modeled
response is matching the experimental response
with a voltage settling time of around 3 s and a sim-
ilar shape with the initial voltage drop followed by
a slower settling time. This hence validates the
extended system model.

6 Conclusion

In AC-DC PDNs, AFEs are controlling AC-to-DC
bus power flows and DC bus voltages and there-
fore play a crucial role in the power flow stability
and dynamics. When resonant DCTs are intro-
duced as a new way to interconnect DC buses,
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they affect the system configuration and dynamics.
As those DCTs are providing AC transformer-like
natural power flow behavior, AFEs can be mixed
in configurations involving more than one voltage-
regulating AFE (VR-AFE).

The system dynamic response is, based on a para-
metric model and experiments, very slow when only
VR-AFEs are controlling the grid power flows com-
pared to when the PR-AFEs are employed. In the
meantime, PR-AFE power reference steps induce
very large initial voltage drops (or spikes). Hence,
the decision between using PR-AFEs or VR-AFEs
for power flow control is a choice between slow re-
sponse time and initial voltage drops.

The DCT resistance, associated with the DCT ef-
ficiency, is having a large impact on the response
of the VR-AFE response time. The larger it is, the
faster the PDN voltage and the power reach the
steady state for a VR-AFE voltage reference step.
But larger DCT resistances imply larger losses
therefore, a trade-off between DCT efficiency and
fast PDN dynamics must be found when VR-AFEs
are employed.
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