Small Signal Model for Very-Large-Scale Multi-Active-Bridge
Differential Power Processing (MAB-DPP) Architecture

Ping Wang, Yenan Chen, Youssef Elasser, Minjie Chen
Princeton University, Princeton, NJ, United States
Email: {pwang2, yenanc, yelasser, minjie} @princeton.edu

Abstract—Differential power processing (DPP) is applicable to
a wide range of applications. This paper systematically inves-
tigates the small signal model of very-large-scale multi-active-
bridge differential power processing (MAB-DPP) architecture.
The proposed small signal model captures the impact of power
losses and provides an accurate and comprehensive understand-
ing about the dynamics of the MAB-DPP converter. The model
is compact and highly scalable to very-large-scale MAB-DPP
systems. The phase-to-voltage transfer function of a MAB-DPP
architecture with an arbitrary number of ports was derived and
validated by both SPICE simulations and experimental results.
This paper also developed a distributed voltage control strategy,
namely distributed phase-shift (DPS) control, which offers high
scalability with low computational cost. A 10-port MAB-DPP
prototype which can support hot-swapping with a significant step
load transient was built and tested to verify the effectiveness of
the proposed small signal model and the control strategy.

Index Terms—multi-active-bridge, differential power process-
ing, series-stacked architecture, small signal model, distributed
control, very-large-scale power electronics systems

I. INTRODUCTION

Many emerging energy systems, such as solar farms, grid-
scale energy storage and large-scale data centers, comprise
hundreds or thousands of modular units connected in series or
parallel as a sophisticated network. For batteries, solar cells,
and computer servers, differential power processing (DPP) can
minimize the power conversion stress and can greatly improve
the performance of series-stacked energy systems [1], [2].

One way to implement a DPP architecture is to connect each
series-connected voltage domain to a dc voltage bus through an
isolated dc-dc converter (dc-coupled DPP architecture [2], [3]).
This implementation requires high component count, multiple
magnetic components, and many redundant “dc-ac-dc” power
conversion stages. By coupling many series-stacked voltage
domain with a single multi-winding transformer through an
array of “dc-ac” units (Fig. 1), the “ac-coupled” DPP architec-
ture can reduce the power conversion stress and the component
count, and can significantly improve the system efficiency [4].
Ac-coupled DPP architectures can also offer high scalability
and high power density, and are very promising options to-
wards very-large-scale differential power processing systems.

One way to implement an ac-coupled DPP architecture is to
design each dc-ac unit as an active bridge as shown in Fig. 2.
The converter operates as a multi-active-bridge converter with
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Fig. 1. Ac-coupled DPP architecture for large scale modular dc energy
systems. The series-stacked voltage domains can support PV panels, battery
cells or computer servers.

all ports connected in series and processes differential power
among all ports. Since the maximum magnetic flux density
is determined by the maximum voltage-second-per-turn of the
windings instead of the winding count, the magnetic core area
stays roughly the same as the number of windings increases.
This multi-active-bridge differential power processing (MAB-
DPP) topology is one of the simplest and most scalable way
of implementing an ac-coupled DPP architecture.

One major challenge of designing a MAB-DPP converter
with a large number of ports (e.g., more than 100 ports) is
to model the sophisticated power flow and the cross-coupled
dynamic behaviors. Existing small signal models for the MAB
converter and its derivatives only consider the small pertur-
bation of the phase-shift at each port [5], [6]. The impacts
of the load structure, port voltage variation and the power
conversion losses are neglected. Various small-signal models
has been developed to capture the power conversion losses in
dual-active-bridge [7]-[9]. These models either applied full-
order state-space average model or were derived based on the
time-domain inductor current waveforms, making them highly
sophisticated and very heavy in computation. It is almost
impossible and impractical to extend these models to very-
large-scale MAB designs with a large number of ports.

This paper presents a compact and scalable small signal
model for the MAB-DPP architecture with an arbitrary number
of ports. Each port of the MAB converter is modeled as
phase-controlled and voltage-controlled current sources and
the power conversion loss is modeled as an output resistance.
The impact of the load power and phase-shift of each port



DC Bus
el MAB-DPP SYSCLK
us
o, @ @
s, mdc-acl 1
Load - .
V1 oach Cy IT S¢' C;_ Ly | .
% Phase Shift
vy Module
s, dc-ac], ¢2
VZ Load, e I2 :j_¢ . |
Cz s % Phase Shift
Y2,| Module
s,mdc-acl, ¢}3
Vs | Loads | = I3 . |
Cs Sy Ces| L3 = -
ase Shift
Y3, Module
s, dc-ac ¢4
V4 | Load, - I4 j—q A . |
Cs e M % Phase Shift
Vil Module
55 adc-ac ¢5
Load = G
Vs Eﬂ cof Is )|sg &8 % Phasz|=. Shift
Vs Module
s, ndc-ac] ¢6
Vg | Loads T Ig 00—, |
6 R G Phase Shift
t + Vs Module
s, mdc-ac ¢n
V, | Loads [ L 1, .. c|_ ;
Ca : Phase Shift
A Va Module

Fig. 2. Block diagram of a MAB-DPP architecture with a large number of
ac-coupled voltage domains connected in series.

on the system dynamic response was theoretically analyzed
and experimentally verified. Based on the small signal model,
a low-cost highly scalable distributed control strategy was
proposed and implemented to control a 10-port MAB-DPP
prototype. The prototype can support significant load step
transients and can achieve extremely high efficiency and power
density.

The remainder of this paper is organized as follows: Section
IT derives the small-signal model of a lossless MAB-DPP
architecture. Section III extends the small-signal model to
capture the power conversion loss in the MAB-DPP converter.
Section IV verifies the small signal model with SPICE sim-
ulations. Section V presents a distributed control strategy for
the MAB-DPP architecture. The small signal model and the
control strategy were experimentally verified in Section VI.
Finally, Section VII concludes this paper.

II. SMALL SIGNAL MODEL OF THE MAB-DPP
ARCHITECTURE WITHOUT POWER LOSS

Fig. 2 shows the topology of a MAB-DPP architecture. The
power flow among multiple ports are closely coupled. The
series-stacked connection of the voltage domains maintains
constant dc bus voltage and forces each load to share the same
bus current. To design and control a MAB-DPP systems with

(b)

Fig. 3. Small signal model of (a) a DAB converter; (b) a MAB converter.

very large number of series-stacked voltage domains, a precise
small-signal model which reveals the transfer function from
the phase of an arbitrary port (®;) to the voltage of an arbitrary
port (V) is needed. The average output current of a dual active
bridge (DAB) converter implemented with half bridges is [10]:
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where L., is the inductance linking the two ports, ® is the

phase difference between the two ports, and f is the switching
frequency. The small signal output current is:
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As illustrated in Fig. 3a, the small signal model of a DAB
converter contains two current sources (G,0;, and G¢45)
depending on ¥;,, and q@ Note Eout is not a function of ¥,
in an ideal lossless DAB.

For a MAB converter, the average output current of port #i
can be derived based on the power flow analysis [4], [11]:
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where L;; is the equivalent inductance linking port #4 and
port #j, and ®,; is the phase difference between port #i and
port #;. Based on (4), the small-signal current at one port is
a function of the voltage perturbation of all ports {vl, Vo, ouy
On }, and phase perturbation of all ports {qSl, ¢2, . gbn}
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Here G,(i,7) and G(i, ) are functions of the large-signal
voltage {V1, V4, ..., V,,}, and the large-signal phase ®;;:
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As shown in Fig. 3b, the small signal output current at each
port in MAB can be represented as two current sources deter-
mined by the voltage perturbation and the phase perturbation
of all ports. Similar to a DAB, the small signal current %i
of port #i is not a function of the voltage perturbation of
the same port ¥;, because G,(i,%) is zero. The output ports
of a MAB-DPP architecture are connected to a series stacked
R — C network. The series-stacked load structure adds another
constraint on the small signal output voltages {01, D2y e, D}
and output currents {11, 19, ... zn} which can be described
by an impedance matrix:
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Eq. (5) and Eq. (8) can be reorganized as:
=Gy x 0+ Gy x
{ +Gy % @, (10)
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Based on Eq (IAO), the transfer function matrix from the phase
perturbation (¢) to the port voltage perturbation () in a
lossless MAB-DPP architecture is:

b= —GzGy) 'GzGy x ¢ = Gs x ¢. (11)

The n x n transfer function matrix G's can be used to
analyze the stability of the MAB-DPP system and assist in
the controller design.
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Fig. 4. (a) Equivalent lumped circuit model to analysis the transfer function
of a DAB converter. (b) Inductor current variation Aly, due to AVpyt. (c)
Current and voltage waveforms of DAB with power losses.
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Fig. 5. Improved small signal model of DAB considering power losses.

III. SMALL SIGNAL MODEL OF THE MAB-DPP
ARCHITECTURE CONSIDERING LOSS

The loss of a MAB converter will change the power flow
and reduce the dc gain of the system transfer function. To
capture the influence of loss, an improved small signal model
was developed. Fig. 4a shows an equivalent circuit of a DAB
with the power conversion loss modeled as a few resistors R,
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Fig. 7. Improved small signal model of MAB considering power losses

R9 and R,,. R; and Ry capture the resistance of the inductors,
switches and the transformer windings, and R,,, captures the
core loss. Switching losses can be included in either R;,
Rs, or R,,. With significant Ry, Rs, and R,,, Eq. (1) is
no longer valid and needs to be modified. As illustrated in
Fig. 4c, the inductor current is no longer trapezoidal but has
a significant exponential component. The lower the quality
factor of the equivalent L — R circuit, the more different the
inductor current was from the trapezoidal waveform. G, (¢, j)
and G4 (i, j) need to be modified to capture the impact of these
resistors. One of the most distinct difference is in G, (i,17). As
previously described, the output current perturbation (1;) of
an ideal MAB converter has no correlation with the voltage
perturbation (9;) at the same port (i.e. G, (i,i) = 0). However,
this observation is not valid if losses are considered. As shown
in Fig. 4, assuming that there is a voltage perturbation (AV,,,;)
on the output voltage, the change of the inductor current (AIy)
can be considered as if there is only one square wave voltage
source (AV,,:), based on superposition. The change on the
average output current (Al,,;) is the time average integral
of AIy in the positive half cycle of AV,,;, which is not

TABLE I
SIMULATION PARAMETERS

Parameter Value
Switching Frequency (fsw) 100 kHz
External Inductance (L1 ~ L1g) 120 nH
Magnetic Inductance (L) 3.2 uH
Output Capacitance (C1 ~ C1o) 200 uF
Equivalent Path Resistance (R1 ~ Rig) 20 mS2
Magnetic Resistance (Ry,) 220 Q2

. Rrp1~ Rro 10 Q

Load Resistance Rito 310

zero if the current waveform is exponential. As a result, one
additional current source, GoutUout, Should be added to the
small signal model of Fig. 3a, which can be modeled as an
output resistance Ry = —1/Gyout (Fig. 5) to capture this
effect. Fig. 4b indicates that the Al,,; is only determined
by AV,,: and is not related with the phase-shift operating
point (®42). If the impedances of R,, and L,, are much larger
than Ry, Ro, L1 and Lo, the effective output resistance of a
DAB converter can be derived analytically as:

1 (R1 + Ry)

Ry =— = )
G~ 171 —o (“E))

4 T(l+exp(—%))

in which the time constant 7 = (L1 + L2)/(R1 + Ra).

In a MAB architecture, the output current perturbation
caused by the voltage perturbation at the same port can be
interpreted as a square wave voltage source (AV;) driving a
linear L — R network, as shown in Fig. 6. Also, the induced
output current change AI; is only determined by the AV,
and is not related with the phase-shift {®;, ®o, ..., P, }. The
corresponding current source G, (%,%)0; can be interpreted as
an output resistance R,; added at each port, as shown in Fig. 7.
For a MAB-DPP architecture, Eq. (9) should be modified if
losses are considered:

(12)

1 Rri||Rsi
Zi = Ruil|Raill -5 = (Firif|Fss) (13)

s(RLil|Rsi)Ci + 1

With the modified impedance matrix, the improved system
transfer function can be derived from Eq. (11). The output
resistance of each port Rg; can be estimated by circuit analysis,
SPICE simulations, or experimental calibriation (by measuring
AI;/AV; while keeping all the phase-shifts and voltages of
all other ports constant). Once Rg; is found, the small signal
model and the transfer function can be modified accordingly.

IV. SPICE SIMULATION VERIFICATION
A. 10-Port MAB-DPP Converter with and without Losses

To validate the effectiveness of the proposed small signal
model, a 10-port MAB-DPP converter which connects ten 5 V
voltage domains in series was simulated in SPICE. The circuit
parameters are listed in the Table I. The MAB-DPP converter
can deliver power from n arbitrary ports to m arbitrary ports
with high efficiency and high power density. In this example
analysis, we investigate the transfer function matrix with the
MAB-DPP converter delivering power from nine ports (port
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Fig. 8. SPICE simulation platform of a 100-port lossless MAB-DPP converter in PLECS.
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Fig. 9. Comparison between calculated and simulated transfer function of a
10-port MAB-DPP converter with and without power losses.

#1 ~ #9) to one port (port #10). The control to output
transfer function of port #10 (i.e. D10 is simulated with and
without considering losses. The conduction losses and core
losses are represented by the Ry ~ Ry, and R, respectively.

Fig. 9 compares the calculated bode plot and simulated bode
plot of the phase to voltage transfer function of the example
MAB-DPP converter, with and without considering the losses.
The calculate bode plot matches well with the simulated bode
plot in both cases. The power conversion loss reduces the
dc gain and changes the phases of the transfer function. The
improved small signal model precisely capture the impact of
the losses. The dominant pole (1/ " Rjoaq.:C;) of the transfer
function is pushed to higher frequency by the output resistance.

B. 100-Port Very Large Scale MAB-DPP System

The small signal modeling approach described in this paper
can be easily extended to model a MAB architecture with
arbitrary number of ports. To validate the scalability and
applicability of the approach, a 100-port SPICE simulation
platform is built and tested in PLECS to capture the transfer
function from (;Abz to 9; (Fig. 8) in the 100 ports. Compared to
a conventional state-space based small signal model, the pro-
posed modeling approach greatly reduces the computational
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Fig. 10. Calculated and simulated v to ¢ bode plots for three arbitrary ports
in a 100-port MAC-DPP system: (1) transfer function from ¢10 to 91; (2)
from ¢45 to ¥1; (3) from ¢g2 to V1.

load without sacrificing the model accuracy. Running SPICE
simulations for large-scale MAB-DPP systems is computa-
tional heavy and time-consuming, while an analytical model
can rapidly present the same results with very low computa-
tional requirements, opening the opportunities to design and
optimize very large scale MAB-DPP systems. As shown in
Fig. 10, the calculated bode plots match very well with the
simulated results, validating the effectiveness and scalability
of the proposed small-signal modeling approach.

V. DISTRIBUTED PHASE SHIFT CONTROL STRATEGY

One way to control the sophisticated power flow in the
MAB-DPP architecture is to decouple the control loops with
an inverse matrix [6], [12], [13] and modulate the port phases
with a central controller. However, these methods either have
strict limitations on phase-shift or are computational heavy,
making it impractical to implement them in very-large-scale
MAB-DPP systems with very high number of ports. Fig. 11a
illustrates the principles of a simple but robust distributed
control strategy which is scalable to very large-scale MAB-
DPP. Each port utilizes a feedback loop to adjust its own
phase based on locally measured port voltage. As shown in
Fig. 11b, the interaction between each port can be treated
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as disturbance. The closely coupled feedback loops can be
simplified as multiple standaline feedback loops with explicit
transfer function G4(s) as captured in (I -G zG,) 'GzGy
(Eq. (11)). The PI loop and phase controller of each port can
be implemented as a distributed phase-shift (DPS) module that
is synchronized by a system clock (Fig. 2). The DPS module
can be further integrated into each half bridge to enable a fully
integrated modular building block. This distributed control
strategy allows independent voltage regulation of each port
and can be easily applied to large-scale MAB-DPP systems
with very large number of ports.

The small signal model can provide useful guidance to
designing the control loops for the MAB-DPP architecture.
Fig. 13a shows the calculated phase margin of G4(s) of the
10-port MAB-DPP simulation platform with resistive load.
This result indicates that the port with the lightest load and
the smallest phase shift has the lowest phase margin. A PI
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Fig. 13. Loop gain bode plot of port #1, port #10 with and without PI
controller. Port #1 has the heaviest load with the largest phase margin, while
port #10 has the lightest load with the lowest phase margin.

controller can be designed to eliminate the steady state error
and balance the the bandwidth and phase margin of the system.

Fig. 13b shows a design example of the PI parameters in
a 10-port MAB-DPP converter with distributed phase-shift
control. Here, the feedback gain is considered as a delay unit,
and it’s delay time is one switching cycle (7"). The loop gain
of each port before adding a PI controller is:

Gri(s) = Gs(s)(i,1) x e7 1% =~ G4(s)(4,1) x

14T (14)
Fig. 13b shows the bode plots of two ports with the highest
phase margin and smallest phase margin, respectively. The
phase margin of both loop gains without PI are higher than
45°. Therefore, the system bandwidth can be improved by
trading off phase margin for bandwidth with a PI controller.
By tuning the lowest phase margin of port #10 close to 45°,
the bandwidth of all the ports was expanded. Since the lowest
phase margin of 10 ports is still higher than 45°, the distributed
control loop of each port is stable. It is worth noting that, the
power conversion losses of the MAB system usually shifts
the phase response rightwards and increases the system phase
margin, so in practice, the power losses will create additional
stability margin for the system dynamic response. The system
may become unstable if the phase difference between two
ports is greater than 90°. As a result, a phase limiting stage
(—45° < ¢; < 45°) should be included in the control loop.

VI. EXPERIMENTAL VERIFICATION

Fig. 14 shows the picture of a 10-port MAB-DPP converter
which can support ten series-stacked 5 V voltage domains
connected to a 50 V dc bus. The MAB-DPP prototype is
able to process over 30 W differential power for each port.
It can support a MAB-DPP system with over 300 W power
rating and maintain normal operating of all the other ports
while hot-swapping one port. The MAB-DPP prototype offers
high efficiency and high power density. The 10-port MAB-
DPP converter is 3.7 cm in radius and 1.2 cm in height with
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a power density of over 100 W/in®. Table II lists the detailed
component parameters of the prototype (the converter topology
is shown in Fig. 2).

The control to output transfer function of the 10-port proto-
type was measured to validate the effectiveness of the proposed
small signal modeling approach. After applying a sinusoidal
phase perturbation to one port, we measure the magnitude and
phase response of the output voltage perturbation on the same
port. Fig. 18 shows the measured voltage perturbation of port
#10 with phase perturbation at three different frequencies.
The reference PWM represents the zero phase-shift, and the
phase perturbation is output from the DAC channel of the
digital controller. Fig. 15 compares the calculated bode plot
of the calculated and the measured transfer function from ¢1¢
to v1p at one example operation point. The calculated and
simulated bode plots show good match. The discrepancies
mainly comes from the errors in the estimated resistance
(R;y ~ Rjo) and magnetizing resistance (R,,), non-linear
component value variations in inductors and capacitors, and
other factors that the improved small signal model doesn’t

MA];BPP Convertef B

Fig. 16. Testbench of HDD server with MAB-DPP converter.

TABLE I
COMPONENT VALUES OF THE PROTOTYPE

Device Symbol Component Description

S1 ~ S0 DrMOS, FDMF6833C

C1 ~ C1o KEMET X5R, 47 uF x 5
Cpg1 ~ CB1o Murata X5R, 100 uF x 3
Ly ~ Lo Coilcraft XEL4030, 200 nH

Multiwinding Transformer  TDK EQ?20, Core Material N97

capture, including deadtime and switching loss.

Fig. 16 shows the testbench of a 10-port MAB-DPP con-
verter suppling power to 2.5 inch HDD array connected in
series. The MAB-DPP converter can support full reading,
writing and hot-swapping capability of the 2.5 inch HDDs. We
define the system efficiency of a MAB-DPP system as the total
power consumed by the load (e.g., HDDs), over the total power
sourced from the dc bus. The peak efficiency of the system
is 99.7%. The system efficiency remains above 99% in a
majority of the tested cases. We applied the distributed control
strategy to the 10-port MAB-DPP converter and designed
the PI parameters based on the calculated transfer function.
The port voltage can maintain stable when “hot-swapping” an
entire voltage domain. Fig. 17 shows the transient waveforms
with an example “hot-swap” operation with a 2 A step load
change. The settling time is 200 ps and the overshoot voltage
is within 200 mV. It meets the transient voltage requirement
of a majority of main-stream commercial 2.5 inch HDDs.

VII. CONCLUSION

This paper developed a systematic small signal modeling
approach for very-large-scale MAB-DPP converter. The small
signal model captures the impact of the lossy component
in a MAB converter with an output resistance and can be
easily extended to capture the transfer function of a MAB
converter with arbitrary number of ports. The effectiveness
of the small signal model is verified by SPICE simulations
and experimental results. The impact of load power and phase
shift on the system stability is investigated, and guidelines for
designing and optimizing the control loops are provided. This
paper also developed a distributed phase-shift control strategy



Tek Prevu__| —
Vport
o |
\
I[)Ol't
r ;
D—-J
(@ 1oomv s @ J[ll)ﬂps ]W}[ @ 7 960mA
300 points

Fig. 17. Transient response of the port voltage to a 2 A load step change.

which is simple, robust and scalable. A 10-port MAB-DPP
converter of 300 W power rating was designed and applied to
a HDD storage server. It can maintain over 99% efficiency
in majority of operating points. The proposed distributed
control strategy can effectively keep voltage stable while “hot-
swapping” HDDs of an entire voltage domain.
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