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Abstract—This article introduces a control strategy for a mod-
ular multiactive bridge architecture that extends the single phase
shift as a novel approach to enable fully decentralized control of
the modular active cell (MAC) on a single, arbitrarily large mul-
tiwinding transformer. The MAC aims to provide a fully modular,
configurable, and scalable solution for solid state transformers
and energy routers, enabling full power and voltage variability in
isolated interconnections of diverse dc networks. A novel modeling
approach based on discrete-time state-space is introduced. The
model is verified through measurements and simulation, showing
high accuracy and prediction capability.

Index Terms—Multiactive bridge (MAB), multi-input-multi-
output (MIMO), multicell, multiport energy router, power
electronics building block, solid state transformer (SST).

I. INTRODUCTION

HE global energy landscape is undergoing a significant
T transformation, marked by the increasing adoption of di-
rect current (dc) networks across various sectors. Applications
such as electric vehicle (EV) fast-charging [1], [2], [3], data cen-
ters [4], [5], [6], naval electrification [7], [8], [9], renewable en-
ergy integration [10], [11], [12], industrial automation [13], [14],
[15], and intelligent medium voltage direct current (MVDC)
distribution grids [16], [17], [18] are driving the demand for
efficient and flexible dc power distribution systems. These dc
networks offer advantages in terms of efficiency and compat-
ibility with modern electronic loads as well as higher cost
efficiency in distribution [19], [20], [21]. Although all of these
applications are similar, they vary greatly in terms of voltage and
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power requirements. To enable a swift transition to renewable
energies, modular solutions are therefore necessary to limit
the required engineering effort. Thus, there is a pressing need
for advanced power electronic architectures that can provide
configurable, efficient, and isolated capabilities to facilitate
the seamless integration and operation of diverse dc networks
[22], [23].

The simplest case of this modularity can be found in power
electronic building blocks (PEB), which were introduced to
focus on the optimization of only a few identical building blocks,
enabling faster and more efficient design of power systems [24],
[25]. An early example is [26], where a PEB is developed to sim-
plify the need for external communication and synchronization
in bidirectional switches in matrix converters. The concept of
modularity is extended in [27] with the modular multilevel con-
verter (MMC). For the MMC, modularity allows for voltage and
power scalability in conversion from ac to dc through identical
sub-modules. Depending on configuration, these sub-modules
allow high blocking voltages through serialization, or high cur-
rents through parallelization. To allow for galvanic isolation and
high conversion ratios, this modular sub-module approach has
been applied to solid state transformers (SST) as well [28], [29],
[30], [31], [32]. To enable the direct connection of low voltage
direct current (LVDC) to MVDC, a connection to a transformer
can be added to each MMC module. The modules can either be
connected to LVDC with multiple transformers, or with a single
large transformer connecting all modules to multiple LVDC
ports. As shown in [33], the benefits of a shared transformer are
better voltage balancing, higher power density, and a generally
higher efficiency.

On the other side of the power and voltage spectrum, multiport
converters or energy routers are investigated in [34], [35], [36],
[37], [38], [39], these allow for multiple input multiple output
(MIMO) connection of renewable energy sources and storage
systems to dc microgrids. The cells of this MIMO converter are
reconfigurable, allowing for serialization and parallelization to
realize different voltage and current specifications. This allows
for a single optimized power electronics design to be applied to
diverse applications such as server racks [40], modular battery
storage [41], vehicular applications [35], and renewable energy
systems [42].

Although many different topologies for use in more or less
modular concepts exist [34], dual active bridge (DAB) based
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Fig. 1. Control strategy of an MAB: Placement of the MCU. (a) Conventional:
Centralized. (b) Proposed: Decentralized.

solutions, as initially introduced in [43], are prime candidates
due to their bidirectionality and ease of control. If more than
two active bridges are connected to a multiwinding transformer,
the DAB becomes a multi-active bridge (MAB). One cell of such
an MAB is shown in Fig. 1. Whether the MAB is used on energy
routers [37], [38] or SSTs [33], all cells require a central control
unit (MCU), which sets the phase-shifts between all connected
cells. As indicated in Fig. 1(a), this MCU therefore needs to
communicate control signals to the cells. These need to be cal-
culated accordingly from the voltage and possibly even current
measurements within each cell. Therefore, measurement signals
need to be measured locally and fed back to the central MCU. In
terms of modularity, this centralized control is unfavorable, since
each added cell increases the load on the MCU. In addition, the
necessary wiring to connect all modules to one controller scales
likewise with the number of modules. In MVDC applications,
costly signal transmission over MV isolation barriers needs
to be implemented to maintain the galvanic isolation, adding
additional cost for the low latency communication required [44],
[45].

Ideally, each cell would be controlled by its own MCU as
shown in Fig. 1(b). This MCU controls the cell locally, generat-
ing gate signals based on the cells measured voltage and current.
The only communication to other cells or a central controller
would be through the exchange of slow moving set-values where
the increased delay of cost effective solutions [46] does not
matter for primary control stability. While distributed control
with primary local controllers have been investigated [47], [48],
SSTs with DABs still need to break the primary to secondary
side isolation barrier with low latency.

This necessity can easily be showcased by two cells, each
controlled by its own MCU connected to form a DAB. Fig. 2
shows the measured transformer current of a DAB in the case
of a decentralized control strategy with an initially fixed phase
shift of approx 20°. While this phase shift might be initially
constant between switching cycles, even minute differences in
the MCUs local oscillators will lead to the two cells eventually
de-synchronizing. In consequence, the phase shift increases
linearly with no stable operating point (OP). Furthermore, even
setting an initial phase shift is not easily possible, as there is no
information shared regarding the phase of the two cells. This
effect is worsened in an MAB, as all cells will de-synchronize,
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Fig.2. Experimentally measured DAB transformer current with implemented
single phase shift without a central control unit.

requiring some external primary controller to keep all cells in
lock-step.

To reduce or even fully mitigate the need for any external
communication, this article introduces a control strategy that ex-
tends the single phase shift as a novel approach to enable a fully
modular multi-active bridge (MMAB). The MMAB consists of
modular active cells (MAC), which can operate independently
on a shared transformer. The MAC aims to provide a modular,
configurable, and scalable solution for SSTs and energy routers,
enabling efficient and isolated interconnection of diverse dc
networks. Instead of controlling the current flow from cell to cell
by setting a phase shift, the switching frequency of each MAC
is varied slightly based on its local control law. This frequency
variation then induces a phase shift between the MAC and all
other MAC on the transformer. To allow designers to design
stable local control, we develop a discrete-time state-space
model for the MAC on a multiwinding transformer. Although
discrete-time models have been developed before for general
power converters [49], [50], [51], [52], [53], [54] as well as
DAB [55], [56], [57], [58], [59], [60], the model developed in
this article does not use averaging of continuous-time models,
butrather develops the discrete-time model ab initio, as it directly
results from the digital control method.

The main contribution of this article can be summarized as
follows:

1) The introduction of MAC control.

2) The description of the MMAB with a linear discrete-time

state-space model.

3) Introduction of a stability criterion for an MMAB under

MAC control.

4) Identification of causes for instability.

As many readers might not be familiar with the discrete-time
state-space approach, this article introduces the basic and simpli-
fied control strategy independent of the modeling in Section II.
The individual sections of Section III will introduce the intended
control scheme alongside the discrete-time state-space model
step by step with increasing complexity. Measurement results are
shown for each step to act as verifications, as well as examples.
Section IV finally acts as a full verification of the developed
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Fig. 3.
currents.

Lossless equivalent circuit of a DAB with definitions of voltages and

Fig. 4.  First harmonic approximation of a DAB with NV = 1.

model. As this article is intended to introduce the fundamentals
of MAC control, topics concerning efficiency optimization, ideal
transformer design, or even regular operation in SST or energy
router applications are not extensively studied in this article.
Section V therefore discusses some of the many questions that
remain open before the MMAB can be used effectively in any
of its intended applications.

II. FUNDAMENTALS OF MAC CONTROL

Before developing the complete control for the MAC in
Section III, this section should act as a simplified introduction
to the control scheme. Therefore, the basic control strategy is
explained using a DAB, which is shown in Fig. 3 as a simplified
and lossless equivalent circuit. The phase shift between both full
bridges is given by (1) with ¢; and ?5 being the points in time
of the rising edge of v; and v, respectively. 7Ty is the time of a
switching period

P12 =1 —pa = (t2 — t1) - ws (D
2
ws = ?7: =27 fs. 2)

The power transfer from cell 1 to 2 and the current i; is
determined by (3) and (4), respectively, both having a parabolic
dependency on ¢1o

Vi-NV;

Ppp= 22 Z-wlg-(l—'m') 3)
ws - L T

- N

h= V2~sou~(1m>. )
ws - L T

To explain the control principle, Fig. 3 can be simplified
using the first harmonic approximation (FHA) as shown in
Fig. 4. To simplify the equations, N should be equal to 1. The
fundamental frequency equals the initial switching frequency
wp. Furthermore, using complex values in a coordinate system
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Fig.5. Voltage-phasors v, and v, of a DAB in the rotating complex plane Re’
and Im’ using the FHA at an arbitrary phase angle (15. The measured active
currents are projections of the complex 7; and i, onto their respective voltages.
(a) Voltage and current phasors. (b) Obtaining the active current.

that rotates with wy defined by

Re'(v) = Re(v) - e/«0? Q)
and

Im’(v) = Im(v) - e/*0* (6)

oscillations with wq can be described as a phasor at a fixed phase
angle. An arbitrary state of the DAB with power transfer from v
to vy is shown in Fig. 5(a). The voltages are depicted as complex
phasors v, and v,. If v; and v, are inequal in phase or length,
the complex currents ¢, and ¢, are nonzero. For the proposed
control scheme, the active current 3,,, at each cell is of interest.
In the phasor diagram, the active currents 41 and i can therefore
be determined as the projection of the complex currents ¢; and
i, onto their respective voltages, as depicted in Fig. 5(b).

The fundamental principle of the proposed control strategy is
based on changing the phase angle of the phasors by adjusting
Ws.m Of cell m. The assumption for this is, that a current 7}, can
be measured, which represents i,,, sufficiently as explained later
in Section I1I-A. Because of

Qbm = d:% = Ws,m (7)
the desired phase shift and therefore the state of the DAB can
be achieved by

P = —— = — Ws,2. (8)

Thus, a change in phase is obtained by integration of the dif-
ference in frequency. A control loop with a P controller with a
constant gain Kp can be formed as shown in Fig. 6, which here
is referred to as the source control. This controller adjusts the
ws,m of its own cell m from an offset value wy based on the
measured current Z’;n and a set value tge,m,

i) ©)

The DAB itself can be modeled as a subtraction of angular
frequencies followed by an integration to obtain the phase-shift
and the DAB transfer function (4). The DAB transfer function

outputs the transformer current 4, as a change in the OP of the
DAB. Implementing this control on both sides of the DAB in

Ws.m = Wo + KP . (iset,m -
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set, 1

Fig. 6. Source control loop with a P controller. The DAB can be modeled as
a frequency integrator leading to a change in phase and a nonlinear function
translating phase to active current. ¢>1 and (2 represent the change in phase due
to the switching frequency of cells 1 and 2.

Im’
4

2

(a) (b)

Fig. 7. Phasors of two cells in source control. The measured currents will lead
to frequency adjustments (gray arrows). The change in frequency moves v; and
v, closer, reducing ¢12. In steady state, both v; and v, are in phase and no
active current is transferred. (a) Initial state. (b) Steady state.
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Fig. 8. Load control loop consisting of a PI controller and DAB model.

Fig. 4 with a setpoint of 0 A results in decreasing ¢, due to
the negative error [see Fig. 7(a)]. @5 is increased, respectively.
This concludes in a reduction of (15 until the steady state [see
Fig. 7(b)] is reached with

P12 = p12 = 0. (10)

Both full bridges are switching synchronously with f. In this
case, no active power is transmitted

To achieve stationary accuracy with one full bridge at a
defined current, it is necessary to implement a PI controller with
an additional integrator gain K7

i) + B [ (G — )t

(1)
This control loop can be interpreted as load control and shown
in Fig. 8.

Implementing this controller on the v, side of Fig. 4 with a
setpoint of is2 < 0A and the starting point of synchronous
full bridges [see Fig. 7(b)] results in the response shown in
Fig. 9(a). The full bridge represented by v, remains with source
control. Therefore, 5 is decreased by the PI controller. Because

Ws,m = wo + Kp - (iset,m -
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Fig. 9. Principle of load control at full bridge 2 (source control at full bridge
1). Load control will force a constant ¢ 12 to maintain a i9.In steady state (b),
all phasors rotate at a fixed frequency in the itself rotating coordinate system,
resulting in a change of switching frequency depending on the load current. (a)
Reaction of controller. (b) Steady state: Constant rotation with |¢|.
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Fig. 10.  Experimentally measured current of a DAB configuration with cell 1

and cell 2 as source and load control, respectively. Frequencies and phase shift
are calculated from the measured gate signals v1 1 and vz Q1.

of the integral part the PI controller ensures stationary accuracy.
ws,2 Will therefore stay different from wy even if no remaining
error is present. At g; the error remains such that ¢, is reduced
constantly. All phasors rotate with a fixed frequency within the
itself rotating coordinate system. Fig. 9(b) shows this rotating
steady state at an arbitrary point in time. While the switching
frequency f is lower than the initial switching frequency f; o,
the phase shift ¢1o remains constant. In contrast to (10), with
load control, the phase shift is

12 # 0. (12)
However, since
p1=p2=¢ (13)
following equation must hold:
p12 = 0. (14)

Fig. 10 shows an exemplary experimentally measured behavior
of a DAB in source and load control. Cell 1 and cell 2 are
configured with a source (setpoint to 0 A) and load control,
respectively. To the zero point in time, the set point of the load
steps from 0 A to —1 A. Due to the control error, cell 2 adapts its
phase with the change of frequency (7). Therefore, a difference
in the frequencies is present as shown in Fig. 10, which leads to
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Fig.11. ECM for atransformer with four windings/cells. Each interconnection
of two cells is characterized by a stray inductance L,;. The magnetizing
inductance of all cells are included in Lq1.

a change in the phase shift (8) and in turn also in the transferred
current (4). In steady state, (12), (13), and (14) are valid.

As the control scheme is based on both cells constantly chang-
ing their frequency to control the current, a slight offset in clock
frequency in the respective controllers has little effect. There-
fore, the control can be fully decentralized. Communication of
the state of the DAB is transmitted by the transformer current.
The control strategy can also be extended on multiwinding trans-
formers, as explained in the next section. The closest analogy to
MAC control is the operation of synchronous generators (SG)
in an ac grid. With SGs the phase shifts and power transfer are
induced by slight variations in rotational frequency as a result
of loading. For the MMAB, the switching frequency therefore
plays a role very similar to the rotational frequency of an SG,
changing phase shifts and again power flow based on measured
current.

III. DISCRETE-TIME MODELING OF AN MMAB SYSTEM

To determine stable control parameters for each cell, a state-
space model of the MMAB is required. In this article, the
transformer is described by the Extended Cantilever Model
(ECM) as described in [61], as it is often used in multiport
transformers [37], [38], and shown for a four cell transformer in
Fig. 11. In the ECM, each cell a is connected to all other cells b
through an inductance L,;. Transformation ratios are included
as N, in each cell, apart from cell 1, where N7 can be set to 1.
The magnetizing inductance of all cells is included in L. The
magnetizing inductance L, as seen from any other cell a needs
to be calculated from L1, N, and the series parallel connection
of all paths from cell a to cell 1. The total magnetization current
Imag 18 therefore the sum of the individual magnetization currents
imm of all cells on an M -winding transformer

M

Tmag = § tmm -

m=1

s)

An M-winding transformer can be described as a simple lin-
ear time-invariant (LTI) system, with interconnections between
each winding. The following sections will therefore deal with
modeling the nonlinear time-variant active bridges on the LTI
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Fig. 12.  Fundamental waveforms of a two cell MMAB. The sampling in cell
2is indicated by the vertical black arrows. The phase shift 015 j, is adjusted by
this sampled current through prolonging both half-waves by At /2.

transformer. As the analysis behind the control scheme might not
be trivial to every reader, we will introduce it step by step during
the next sections. The final control scheme and accompanying
model are given in Section III-E.

A. State-Space Model of Active Currents in Trapezoidal Mode

As explained in Section II, each cell of the MMAB should
be controlled by its active input current 3. As i, is not directly
measurable by cell a, the MAC control instead relies on sampling
the transformer current ¢, at least once every switching period, as
indicated in Fig. 12. For the following sections, each switching
period will be referenced by an index k. Sampling the current in
each half period will be introduced in Section III-E.

The resulting current i’ , measured, is the sum of the currents
from a to every other cell

M

Tk _ L3
Za,k, - E Z(mn,k"

m=1

(16)

The magnetization inductance is not included in the considera-
tions for this section. Therefore,

A7)

is applied. For the following section, all cells are assumed to be
operating in trapezoidal mode, which is defined as the absolute
values of the phase angles between all cells are lower than 7 /2. If
14 18 therefore sampled exactly at the center of the first half-cycle
in the period k — as indicated by the black arrow in Fig. 12 for
cell 2 — the individual currents between the cells @ and b can be
written as follows:

= NaNpViy

Tabk = T, - Olapb, -
a

(18)
We call sz, i the dressed active currents, as they are a represen-
tation of the bare active currents i, ;.. Compared to i,y 1, in (4),
i%y, 1, is calculated with the absolute time lag/lead 0t . between
two phases, as phase angles ¢,; and angular frequencies wy are
ill defined in variable frequency operation. Unlike centralized
control schemes 0t 1, is adjusted by cells a and b through each
cell changing its own cycle duration 7, , and 7 j, by At, j, and
Aty ., respectively. This results in a changed EZb, k1 at the next
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sampling

—_— NNV,
abk+1 = tabk T T 7

Lab
This effect is depicted by the dashed lines in Fig. 12. Assuming
a simple proportional controller with gain Kp  in cell a, At,
will be determined from the sum of all partial currents and the
cells set current value % ok

M
Atgy=—Kpga- (zk -y %’;m,k> . Q0
m=1

The (16), (19), and (20) can therefore be reformulated as a
discrete-time state-space representation consisting the state tran-
sition matrix A for the state vector and the input matrix B for
the set-point vector

Aty — Atyg). (19)

ﬁ,k—}—l gi,k Z.set,l,k
05 k1 _Al2r | 4B Tset, 2,k 21
Gyaem e Gset, M.k
The B-matrix elements are given as follows:
Kp i N;N;V;
ij
M Kpi- NNV,
by = Dby VilimVm 22b
The A-matrix elements can be calculated from
Kp i N;N;V;
a;j = it SV I A} (23a)
M Kpi- NNV,
P, " 4VilVmVm
ai=1— mZ::l — (23b)

As the magnetization inductance L,, does not pay a role in
active power transfer and as assumed in (17) its current i, is
— assuming no dc bias — ideally O at each sampling, we will
initially assert

Loy = 0. (24)

The effect of dc bias and its mitigation will be discussed in
Section III-E.

The dynamics of the system can then be quantified by the
eigenvalues ; of A. If only stability is concerned, the necessary
stability condition must hold

|A;| < 1. (25)

When using (23) and (24) to construct A, there will always be
at least one A; violating (25) by being equal to 1

=1 (26)

This boundary stable eigenvalue indicates a neutral mode state
component. In this case, the neutral mode is an equivalence
of the sum of energy flow into the transformer. Different from
the physical transformer, the description used above allows for
the sum of all applied and drawn power not being equal to
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0 in a lossless transformer. Therefore, to model the transformer
physically correct, the following condition must hold:

M

> ik Vi N = 0. 27)
m=1
To bring the model closer to reality, a reduced system Agg can
be defined, so that the state transitions are still correct, when
replacing A with Agg

7.* . .
U k41 Uk Tset,1,k
P ik Teet.2. k
set,2,
PR = Ags | PP [ +B (28)
_.* _.* .
UM k41 UMk Lset, M,k

Aside from the last row, the A gs-matrix elements are still defined
the same way as for the A

aRs,ij = Qij- (29)

To obtain physical accuracy, Eq. (27) can be used to describe
the current in the last cell M

M-1
Bk Nar-Var == g Nop - Vi (30)
m=1

The state progression from Ej\/l i 0 E’M ko1 therefore needs to
be adjusted. The Agg-matrix elements of the last row agrs, 1
can be calculated from the sum of all other elements in the same
column

M-1
Rs.Aj = — ) G- 3D
m=1

For an M x M Ags, the Mth row is therefore given as follows:
N;Vi | Kpj-NuN;Vj

P 32
aRS, M NorVr oty (32a)
M
Kpor - Ny NV
arsan = — Y . (32b)

— LMm
m=1

Since this reduces the degree of freedom by 1, there will always
be an eigenvalue Ars,; of Ags in vanishing mode

Ars,1 = 0. (33)

The asymmetry in currents will accordingly vanish in a single
cycle. For stability analysis, the relevant eigenvalues of A and
Ags are identical. Only for steady state analysis, as discussed
in Section III-F, the difference in the first eigenvalue becomes
relevant. Accordingly, a deeper discussion can be found there.
If individual cells operate as constant current loads, their
controllers integrator behavior can be modeled just as easily
by including an integrated error 1 which propagates as follows:

€la,k+1 = €la,k + (isel,a,k - iz,k)' (34)

€1a,% therefore behaves like an additional state. Weighted with
an integrator gain K7 ,, its effect on At, j, can be included into
the control equation

Atgr = —Kpa - (lsetyak = o) = Kia - €lak- (35)
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Fig. 13.  Two MACs forming a DAB. Each MAC is connected to the shared
transformer and controlled by its own MCU (red board).

In general, A and B can now be extended to include all e, with
Kji , being set to 0, if the integrator is not in effect

T ok
11 k1 K
Z.set,l,k
i 7 i
M, k+1 = A M,k 1+ B set,2,k (36)
€11,k+1 €11,k
iset,M,k
EM,k+1 EM.k

For an M cell transformer, A will be a 2M x 2M and B a
2M x M matrix. For sake of simplicity, the integrator states
will be omitted in the following sections.

B. Example: Stability-Analysis of a DAB

To test the approach in practice, the MAC control is im-
plemented on two cells forming a DAB as shown in Fig. 13.
It is important to note, that the full control scheme used to
generate the results in this subsection will be explained later in
Section III-E. The results shown in this section should therefore
be seen as qualitative examples. A full comparison of model and
measurement is shown in Section IV-A.

For the DAB, only a single coupling inductance L5 as well
as the transformation ratio /N, must to be considered for the
transformer model. For the in-lab example, L5 was determined
to be 63 pH with Ny ~ 1. Each cells input voltages V7 and V5,
were set to 30 V. Both cells are controlled with their own MCUs
without data connection between them. The cell controllers are
configured with only a proportional component Kp ; and Kp .
The A matrix is therefore given as follows:

1— Kp,1-Na Vs Kp 2-NaVa
A= KP,l']\lle‘?ﬁ 1_ KLPl,Z-szl (37
Lis L2
Solving for the eigenvalues A leads to
A =1 (38a)
K- NoVo + Ky - NoV;
ey = 1 — 1 2 Vo + Ko 2V1 (38b)

Lis

As mentioned before, A; is boundary stable, but not physically
relevant for the system. For Ao to remain stable, the following
inequality must hold:

Ky - NoVo 4+ Ko - N1 V3 -

0<
Ly

2. (39)
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TABLE I
STEP RESPONSE COMPARISON: SETTING isgr,1 TO 1 A AND Kp 1 EQUAL TO
Kp o SIMULTANEOUSLY RESULTING IN DIFFERENTLY DAMPED SYSTEMS

Kp,1inns/A  Kpginns/A X2 State Fig.
0 — 466 466 0.6 overdamped 14
0 — 1166 1166 0 critically damped 15
0 — 1866 1866 -0.6 underdamped 16
0 — 2799 2799 -12 unstable 17

|—Cell 1 —Cell 2 — ¢y

!
< U
20
=
20F T — .
E
=10 - 4
LY
O 1
1
ﬂ
<
E0
&
W
-1 I I I I I
-100 0 100 200 300 400 500
tin ps
Fig. 14. Experimental measurement results for A2 = 0.6 on a step response
of 0.5A.

If the reduced state equations are used, A g is written as follows:

1— w %
Ars=| v L KN Kl (40)
N2V2 L12 L12
In this case, Ars is given as follows:
Ars,1 =0 (41a)
Ky - NoyVo+ Ky - NoVj
hpsp =1 -~z et el (41b)

Ly

As intended, Agrs,; is O and the eigenvalues Ay and Ags o are
equal.

To investigate the system, Kp; and Kp o were adjusted to
result in different A5 of 0.6, 0, —0.6 and —1.2 while applying a
fixed step response of 0.5A. To obtain a stable initial OP, Kp »
was set to a fixed stable value and K'p 1, 7,1, and ig, 2 Were set
to 0. The step response was then triggered through setting ¢ 1
to 1A and Kp ; equal to Kp o simultaneously. This allows for
the same OP current igp of £0.5 A for each measurement, while
also being able to change from stable to unstable OP in the case
of Lo = —1.2. The parameters for the step response comparison
are summarized in Table 1.

The step response for Lo of 0.6 is shown in Fig. 14. As ex-
pected, the MMAB finds a stable OP of +0.5 A. As A5 is greater
than 0, the OP is reached monotonously without oscillation. The
phase shift ¢, therefore takes multiple cycles to increase to its
final value.

In Fig. 15, Kp,; and Kp » were selected to realize a Ao of
0. The OP is now reached after a single switching period 7. In
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Fig. 15.  Experimental measurement results for a calculated A2 = 0 on a step
response of 0.5A.
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Fig. 16. Experimental measurement results for Ao = —0.6 on a step response

of 0.5A. The current shows overshoot due to the negative eigenvalue.

terms of dynamics, this can be seen as optimal MAC control.
In terms of susceptibility to noise, higher dynamics will lead
to more oscillations during normal operation. In terms of phase
shift, it can be observed that K'p has no impact on the steady-state
value.

Increasing Kp ; and Kp o further leads to a negative Ao. The
resulting step response for Ay = —0.6 is shown in Fig. 16. As
expected, the step response now leads to overshoot. Still, the
MMAB will find a stable OP. In practice, A below 0 are not
advised

Once Ao < —1, the system becomes unstable. In Fig. 17,
Mg is increased from —0.1 to —1.2. The MMAB therefore
no longer maintains a stable OP. According to the model, the
currents would oscillate with increasing amplitude. As the state
equations are accurate only for absolute phase shifts below
/2, the model cannot accurately describe the physical system
anymore. For larger absolute phase shifts, the MMAB enters
triangular mode, which will be explained in the next section.
Instead of ever increasing amplitude, the MMAB continuously
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Fig. 17.  Experimental measurement results for Lo = —1.2 on a step response
of 0.5A from a system with Ao = —0.1. The system oscillates unstably after the

step response.

shifts between trapezoidal and triangular modes in a nonlinear
oscillation pattern.

Aside from describing the effects different eigenvalues have
on the system, the findings also show the consequence of pa-
rameter mismatch. As given in (41), the eigenvalues depend
on the control parameters, the cell voltages, and the coupling
inductance. Instabilities due to control parameter mismatch
are caused when the eigenvalue crosses —1. Assuming one
set of control parameters for the whole operating range, the
most critical point occurs at maximum cell voltages and the
lowest inductance. While the maximum cell voltages should
be known for any application, the coupling inductance may
be misestimated during the design process, or shift in value
due to core-temperature. As long as the expected eigenvalues
stay positive, even larger variations in coupling inductance, e.g.,
L5 being halved, will not cause instability. It is still advised to
properly characterize the transformer in all operating conditions
before setting final control parameters.

C. State-Space Model of Active Currents in Triangular Mode

As observed in the unstable DAB example, the developed
model is only accurate while the absolute phase shift of two cells
is below 7 /2. For higher absolute phase shifts, the two cells enter
triangular mode. In triangular mode — using the same sampling
point in the center of the positive half-wave as in trapezoidal
mode — the state ga, & can be written as follows:

- NoNpViy
tabk = Lo
Compared to the trapezoidal mode [see (18)], the sign of dty is

flipped. Similarly, the state transition equation also differs only
in sign

(—dtk). (42)

(43)

To integrate the change in sign, an additional viable (,; can be
added for each port combination a and b. (,; changes sign, once
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Fig. 18.  Experimental measurement results of the operation and step response
of two MAC with negative Kp values operating in triangular mode.

the absolute value of ¢, crosses the /2 threshold

Cab = sign(cos(vap))- (44)

Different from the linear discrete time system introduced above,
the inclusion of (,; requires knowledge of the current OP of
the system. A method for finding (,; will be discussed in
Section III-F. For a generalized solution, A and B can be
adjusted for the possible mode change

K N:V:
aij = C” il L .‘7 J (453)
ij
M
K, N,V
a; =1-— im———— (45b)
2,
K; - N:V;
bij = _Cij% (45¢)
ij
M
K; N,V
bii =D Gm—— (45d)
m:1 m

When only considering a DAB, MAC control can be set up to
operate only in triangular mode by selecting negative values for
Kp 1 and Kp 2. As shown in Fig. 18, the control behaves exactly
as in trapezoidal mode, albeit with the frequency and, therefore,
phase shift decreasing in a positive step response.

In general, the MMAB cannot operate in triangular mode be-
tween all cells. Even for three cells connected to one transformer,
a phase shift of 7 between cells 1 and 2 as well as 7 between
1 and 3 would already lead to a phase shift of O between cells
2 and 3. Therefore, a control scheme based only on negative
Kp to force triangular mode operation would not be possible in
multicell transformers.

In contrast, individual cells of the MMAB entering triangular
mode during regular operation is possible. This can occur, if the
load current between two cells is increased above a limit. If the
system remains stable needs to be investigated depending on the
new state transition matrix. The effect will be shown exemplarily
in the next section.
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Cell 2

Cell 3

Fig. 19. A total of 4 cells of an MMAB on a shared transformer. Each cell is
controlled by its own MCU.

TABLE 1T
MEASURED INDUCTANCE VALUES, TRANSFORMATION RATIOS, AND COUPLING
FACTORS
Variable Value Variable Value
Variable Value T i pH 396 Ko 0.9743
Lq1 in pH 670 Ly in pH  -380.0 k13 0.9442
N2 1.012 Ly4 in pH 90.7 k14 0.9496
N3 1.047 La3 in pH 90.4 ko3 0.9504
Ny 1.047 Log inpyH  -391.0 koyg 0.9443
L34 in pH 40.1 k34 0.9758

D. Example: 4-Port Stability Under Different Phase Angles

To investigate the effect of mode changing, a 4-cell MMAB
is tested on a single transformer as shown in Fig. 19. Each cell is
still controlled by its own MCU with no data connection between
any of the cells. The cells are controlled with proportional
controllers with 167 ns/A each and connected to the same 30 V
voltage source.

The transformer is modeled with the equivalent circuit shown
in Fig. 11, with the measured values given in Table II.

The negative inductance for L3 and Loy is due to the model-
ing approach. In practice, every measurable inductance — every
inductance that can be measured from any cell a to cell b — is
positive, as every negative inductance in the model has smaller
positive inductances in parallel. Readers too uncomfortable with
negative inductance can use the coupling factors k,; in Table II.
The resulting system stays the same. The transformer was not
designed for optimal operation for a 4-cell MMAB, but rather
to showcase operation between differently coupled cells.

Initially, the set values for all cells are 0 A. The system
eigenvalues using Agg are shown as blue circles in Fig. 20.
A step response is now applied to the set value of cell 3.

Due to the lowest coupling between cell 1 and cell 3, ;3
will be the first phase shift to cross 90°, if the step response is
highenough. A —4 A set-value step response at cell 3 is shown in
Fig. 21. At 380 us —indicated by the black dashed line in Fig. 21
— 13 crosses 90° and at that point (73 becomes negative. Agg is
therefore changed and its eigenvalues move as indicated by the
red stars in Fig. 20. While the dynamics change, no XA crosses
into the unstable region and the system continues to converge
towards its OP.

If a —5 A step response is applied, then not only 13 but
eventually also (o3 will increase over 90°. The eigenvalues
for this case are shown in Fig. 20 as yellow crosses. Different
from before, the system now exhibits an unstable A. Unlike
the instability in Fig. 17, the unstable X is now positive, which
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Fig. 20. Eigenvalues of Ags under different phase shifts. While 13 greater
90° still leads to a stable system, both ¢13 and @23 greater 90° leads to a single
unstable A greater 1.
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Fig. 21. Experimental measurement results of a step response leading to ¢13

greater 90°. The MMAB still finds a stable operating point.

indicates a monotonous exponential increase — similar to a single
right half plane pole in time continuous systems — instead of
oscillating behavior. The effect can be observed in Fig. 22. After
(o3 increases over 90°, o3 starts to increase exponentially.
Similarly, the currents start to become increasingly triangular.

E. State-Space Model and Control Including DC-Bias

Different from resonant converters, the DAB can suffer from
involuntary dc-bias [62], [63], [64]. Unlike with fixed frequency
DAB control, a step response will not lead to dc-bias in MAC
control as introduced so far. Since the positive half-wave T}, i
and negative half-wave T, ,, will be changed by the same 0t /2,
a step response should not introduce any dc voltage upc. Still,
a residual delay mismatch from the MCU to the transistors can
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Fig. 22.  Experimental measurement results of a step response leading to @23

greater 90° after the red dashed line. The MMAB becomes unstable with (13
and o3 exponentially increasing.

Fig. 23. Experimental measurement results of a step response on a MAC
without DC-bias compensation. The DC-bias was artificially increased through
the PWM for better visibility. dj, is calculated from the measured gate signal
vl 7()1 .

introduce a residual @ipc,, on the transformer at any given cell
a. Upc,, can be defined as follows:

tipc,a = Vi - (dp — 0.5). (46)

In this case d, is the ratio of the positive half-wave 7T}, ;. to the
whole switching period 71"

T,
dp = 2.

Assuming iipc,, to be constant and given an effective dc resis-
tance Iipc for cell a, the long term dc current ipc , into the
transformer will be

(47)

Va

—% .
RDC ( 1%
The effect is shown in Fig. 23 for an artificially reduced d,,. It is
important to note that dj, needs to be calculated at the switching

node and not at the output of the MCU, as for example delay mis-
matches within gate drivers, or even current or voltage dependent

iDC.a = —0.5). (48)
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Fig. 24.  Fundamental waveforms of a two cell MMAB with control of both
positive and negative half-waves. The sampling in cell 2 is indicated by the
vertical black arrows. The length of the negative half-wave is adjusted by
Aty ., the length of the positive by Aty 1.

differences in rise and fall times of the transistors drain-source
voltages can have an effect on d,,. Furthermore, unlike with
regular DAB control, a step response on the frequency variable
control scheme discussed in the previous sections has no direct
impact on d,.

As this dc bias can lead to increased losses or even complete
saturation of the transformer, dc blocking capacitors might be
required. Albeit, as these introduce additional losses, volume,
and costs, active dc bias compensation would be preferable.

The MAC control can achieve active dc bias compensation, if
7% is sampled once every half period. The principle is shown in
Fig. 24. By sampling in the positive and negative half-wave, i’; b
becomes two states. ¢, . and 4, , , now represent the sampled
current in the posrtive and negative half-wave. These can now
be used to change the length of the half-waves T, ;, ,, and Tj, ,,
independently by the control signals At ,, ,, and At, , &

T

Ta,p7k - 5 + Ata,pJC (49)
T

Ta,n7k = 5 + Ata,mk- (50)

For the stability of the control, it is required that Aty 1 is
controlled by 7} .k and At,nk by 4 . This can best be
explained by only accountmg for the part of the measured current

, coming from the magnetization inductance L. Using just
a single sampling per switching period, the state transition can
be described as follows:

Va Va

T, = =T
Dk a,n,k-
LCLCL Laa

Z.:i,a,kle = ifw,,k + (51)
Here, L,, is the magnetization inductance as seen from cell
a. When using the ECM from Fig. 11, only L;; is directly
given, with all other L,, needed to be calculated from N,
and the series—parallel connection of all stray inductances in
the transformer. By sampling once per half-wave, i, will now
be measured as a magnetization component in the positive
half-wave i’;a p.k and a magnetization component in the negative

half-wave i, , . Both are interlinked by

aa,n,k*

(52)
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Fig. 25. Experimental measurement results after the turn on of a MAC where
the length of a half-wave is controlled by the current of same signage. The system
is unstable and the DC-bias exponentially increases.

In practice, both positive and negative current will be controlled
identically. To keep equations consistent with previous sections,
we set both controllers Kp, and Kp, for both i, , , and i, ,, , as
follows:

(53)

This way Kp can be used in all equations, leading to the same
results as previous sections. At, ;, 1 and At, v, 1, therefore, share
the same relation

Atgp i = —Atgn k- 54)

This fact is independent of the control relationship between
positive and negative half-wave measurement and control. If
we assume i, , ok 1O control At, ; i, then

Kp -

Atgpr=— -1,

5 " laapk: (55)

The state propagation of ¢, ,

3 _ Va Tx
Yaa,p,k+1 = L “laa,p,k*
aa

As can be directly seen, (56) diverges and therefore indicates an
unstable system.! The effect can be seen in Fig. 25 fora DAB. In
this case Cell 2 was operating stably at no load, with Cell 1 being
turned ON. As the dc bias of Cell 1 is controlled according to
(56), d,, increases exponentially leading to a quickly increasing
dc bias. As mentioned, the correct control law needs to be

Kp -

7 : i:;a,n,k:' (57)

o,k 18 therefore given as follows:

(56)

~

Ata,p,k =

This will therefore lead to a stable and converging system,
assuming Kp to be sufficiently low

_ Vv _

% - a Tk

Yaa,p,k+1 = (1 - KPL Yaa,p,k-
aa

The effect of dc bias compensation is shown in Fig. 26. Here,
dy is continuously readjusted to eliminate dc bias. The effect is
intrinsic, since ¢ and 7" are controlled to be the same
absolute value.

(58)

aa,p,k aa,n,k

! An attentive reader might notice, that when a DAB is supposed to operate in
triangular mode, i.e., with negative K'p values, then the length of the half-waves
must be controlled by the current with same sinage.
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Fig. 26. Experimental measurement results of a single MAC under proper

control of positive and negative half-waves. DC-bias compensation is system
imminent under this control scheme.
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Fig. 27. Example of the reaction of the sampled currents 531 o and ?51 -
when only the positive half-wave pulse-width is increased.

The division in negative and positive parts can also be repre-
sented in the state-space model by doubling the number of state
variables

;K

Tk

Y1, p,k+1 “.p.k

_.* _.* .

UM pk+1 "Mp.k Lset,1,p,k
EM,p,k+1 EM,p,k Uset, M, p,k

By =Apn | -, +Bpen | (59)
Unk+1 Ynk set,1,n,k

_.* _.* .

UM k1 Mok Tset, M,n,k
EMn,k+1 EM,n,k

Unlike with the magnetization inductance L, a change in
Atg p 1 affects only the negative current 5(*“1 k4 1- This can be
explained by applying a Ats ,, ;. to the active current i5; shown
in Fig. 27. We first assume the two ports 1 and 2 to be in steady
state with no dc bias.

1pk = ~D10k (60)
While the change Ai3, can be seen inij; ;. ;.
Byt = B ek T (61)
12
The next @LP’ r1 Will be unaffected, since
Atope - NiVi -

“x _ “x T
21,p,k+1 = “ 21 nk+1 T = 121,p,k- (62)

L12
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Fig.28. Experimental waveforms of the current step response on the change of

only the positive current component. Agg affects the progression from positive
to positive half-wave, as well as negative to negative half-wave, while Ayp
couples positive and negative currents.

Only for the magnetization inductance L,q, the change in d,,,
as explained above, will show an effect. For an M-cell MMAB,
the Apy matrix can be defined by four sub-matrices

Ay

A =
o An o Ags

(63)

The sub-matrices on the diagonals are identical to Agg, under
the condition that the integral and proportional gains are halved
according to (53) when {’; and 7%, are controlled individually.
Otherwise the equations (45) need to be adjusted with a factor
of 2 at each K. The magnetization matrices Ay describe the
effect of L,, on the system. They can be constructed as diagonal
matrices

_ Kp;- N}V,

A5 = L“ (64&)

Additional states for integrators can be added as described in
Section III-A. The effect of Arg and Ay within Apy can be
best explained with a step response of only the positive current
set-value ise,1,p, % as shown in Fig. 28. Agg in this case represents
the effect 7  , has on the next step i} , ;. ;. Ay on the other
hand, represents the coupling between ¢ , , and ¢ ,, ;. Since
L is typically much higher than L5, the effect of a i 1, step
change on Z’{,m k-1 18 much more pronounced than on Ei,n, k1

This effect can become especially pronounced, if cells only
control either the positive or negative half-wave current compo-
nent. If all windings are oriented the same way, one component
would suffice. If instead — due to manufacturing benefits — some
windings are flipped by 180 °, some cells would control Z; k>
whereas some cells would control iy ;. The resulting response
would in this case resemble the waveform depicted in Fig. 28.
Due to this effect, it is strongly recommended to control both
positive and negative components, if no dc-blocking capacitors
are used.

While the state-space model doubles, the eigenvalues of Apy
share a specific relationship with the eigenvalues of Ags. As
the order is doubled, each A; of Agg has two corresponding
eigenvalues A;, and A;;, of ApN. If L, is setinfinitely large, Apx
is a block diagonal matrix and its eigenvalues — albeit doubled
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— are equal to the eigenvalues of Agg

Aia = Aip = ARS,i- (65)
In many cases, the eigenvalues 2; ./, can be assumed close to
ARS,i» @8 L, is typically large compared to L. For stability
analysis it is therefore possible to use the lower order Agg, if all
Agrs,i are set > 0 as advised. Albeit, if coupling factors become
too low, the change in eigenvalues can start negatively effecting
the stability of the system.

In terms of linking the state model to real continuous-time
propagation, it is important to note that f’;’p’ , and 7} . propa-
gate simultaneously, but actually occur successively. Especially
regarding reaction to set value changes, this requires i, q,p, 1 and
Tset,a,p,k t0 change at the same time in reality, to be representable
by the model.

F. Operating Point

Since application oriented design requires information about
phase-shifts and operating frequencies, steady state operating
points need to be calculated. In this section, the steady-state
values will be computed and are represented by capitalized
letters for distinction from the dynamic state variables. The
system achieves steady-state when the subsequent equality is
satisfied

I I
Isel,l
S W BT Y (66)
En En
.. .. Isel,M
Eyn En

Ej are the steady state values of the integrator errors €1;1. By
reordering (66), the solution can be directly found

I
.. Isegl
I I
M = (I- Ags) !B | 7 (67)
by
. Iset,M
Ear
This approach is only possible, if Ags is used since
(I-— A)’lB =1 (68)

A can therefore not give a sensible solution for the OP.

From the steady state currents, the switching frequency F; can
be calculated. In steady-state, Fi; must be equal in all cells, since
(13) is valid regardless of whether all K7 ,, are O or not. The
AT, by which the unperturbed switching period T} is adjusted
can be determined by the stead-state control control law derived
from (35)

A{Z—‘a = _KP,a . (Isel,a - I;i) - KI,a ' EIa- (69)
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F can therefore be calculated from the steady state switching
period 7
L _ Ty =To + AT,
Fs — 4s — 40 a-
To calculate the ¢ values, the phase shifts ¢, are required. To
obtain these, the partial currents I}, can be related to the time
lags/leads 67T,

(70)

= NiN;V;
oy =——"0Typ.
b Ly ’
As there are only M — 1 linear independent phase shifts of M-
cells, each 6T, is referenced to the last cell M

(71)

6Ty = 6Tuns — 6Thar- (72)

The currents I} can therefore expressed in relation to the indi-
vidual §7, 5, through the matrix P
Iy 0T s
=P (73)
I_Rl—l 0T v —1)mr
Due to the reference to phase M, Pisa M — 1 x M — 1 matrix,
with the entries p,;, given as

M

Pii = — Lo + Z;szT (74a)
N;N;V:
Pij = —Gij ZL_J_ L. (74b)
ij

The first term in (74) is added to account for the fact that L;;
does not participate in active power transfer. By inversion of P,
the steady state 67,5, can be directly calculated

5Ty I
.. =p! (75)
5T(M*1)M jfvf&
Finally, ¢, can be determined from 677
o7,
Pap = 27 st. (76)

If any g is larger than 7 /2, (., must be adjusted accordingly
and all calculations repeated. As this change affects each step
before, this procedure should be repeated until each (. is as
expected

IV. MODEL VERIFICATION
A. MAC-Model Verification on a DAB

To verify the full modeling approach, the DAB in Fig. 13 is
investigated under MAC control of positive and negative half-
waves. L1 was measured to be 63 uH and L1 930 uH, voltages
at both cells were set 30 V with Ny =~ 1 and Kp was selected as
467 ns/A. The eigenvalues of the system are plotted in Fig. 29
and given in Table III. As expected, the eigenvalues of Apy
are equal to Agg for an infinitely large Li; and Loo. If the
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Fig. 29. Eigenvalues of the system calculated with different A-matrices.

TABLE III
EIGENVALUES OF THE SYSTEM CALCULATED WITH DIFFERENT A -MATRICES

A Agrs  Apn  ApN,Ly,o0
A1 0 0 0
A2 056 0.56 0.56
A3 - -0.03 0
A4 - 0.53 0.56
1F T e rAARRER P AAREAREARRARARARLEACRA
<
-
= Model
1 ‘ JUUUUY VUUUUUUUOUUUYUY
-100 0 100 200 300 400 500
tin ps
Fig. 30. Comparison of model (yellow circles) and measurement. The mea-

sured currents at the sampling instances are indicated as red stars.

magnetization inductances are included, the eigenvalues shift
only slightly with the eigenvalues of Agg still being included.?
To validate the model, a step response from a set value of
1 to 2 A on cell 1 was applied to the system as shown in
Fig. 30. The step was not applied from 0, as it was observed
that Aty ,,/p,, 1 could be affected by the half-bridges dead-time.
In this case, a large signal step response would lead to the
parasitic capacitances being discharged more quickly for the
second half-wave, leading to a disconnect between model and
measurement. The effect can be seen in Figs. 14—17, where the
negative half-wave absolute value is different from the positive
half-wave right after the step response. We therefore additionally
reduced dead times to 25 ns, to minimize the effect. Aside from
a slight dc-offset, model (yellow circles) and and the sampled
measurement (red stars) in Fig. 30 match almost perfectly. We
attribute the offset to calibration mismatches within the cells

2 Interestingly, A3 and A4 are equal to the eigenvalues of Ags minus the
eigenvalues of Ayj. In preparation of this work, we were not able to find a
mathematical proof showing that this relationship must hold.
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Fig. 32.  Comparison of model (yellow circles) and measurement for a step
response on a 4-cell MMAB with MAC 1 and 2 in buck-mode.

measurement circuits, as the cells did not include dc-blocking
capacitors.

B. MAC-Model Verification on a 4-Cell MMAB

To verify the modeling approach for a more complex system,
the MMAB in Fig. 19 is used to test the developed discrete-
time state-space model. The transformer is modeled using the
parameters givenin Tab. II. MAC 1, 2, and 4 are source controlled
with Kp values of 167 ns/A, MAC 3 is load controlled with an
additional K7 gain of 8 ns/e1. The investigation is carried out on
a load step from —1 A to —2 A at a dead time of 25 ns to avoid
nonlinear effects.

To validate the modeling approach under different scenarios,
two cases are evaluated. In Fig. 31, the input voltages are
identical (30 V) for all MACs. In Fig. 32, the input voltages
of MAC 1 and 2 are increased to 40 V. The parameters are
summarized in Table IV.

Since the load current is drawn from multiple sources, the
source-side step-response is less pronounced for the MMAB.
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TABLE IV
CONTROL PARAMETER SETUP FOR A 4-CELL MMAB

Port m Kp,m KI,m Vin iset,?n
inns/A  in ns/eg inV in A
30 (Fig. 31)
! 167 40 (Fig. 32) 0
30 (Fig. 31)
2 167 40 (Fig. 32) 0
3 167 8 30 -1 — -2
4 167 - 30 0

Still, like with the DAB, the model (yellow circles) and sampled
measurement (red stars) in Fig. 31 are closely aligned.

In Fig. 32, MAC 1 and 2 operate in buck-mode, leading to in-
creased reactive current flow between all cells. While the reactive
current has no effect due to the chosen point of current sampling,
the increased input voltages still impact the dynamics of the
system. Nevertheless, the developed discrete-time state-space
model can be effectively used to predict state progression for
the MMAB.

C. Discussion on Model Inaccuracies

In terms of model inaccuracies, besides the aforementioned
dead times, the model does not include any resistances. While
it is not impossible to introduce these in the model, they would
rob the modeling approach of its elegance. The attentive reader
might have noticed, that the system developed does not require
a fixed timestep between two samplings. While this allows for
a linear description of an otherwise truly time variant system
— even changing sampling frequency between switching cycles
— it makes introduction of resistances only possible, if the
system is linearized around an operating frequency. As shown
in this Section, this is not required for good model accuracy.
We assume, that differences in inductance due to temperature
variations in the transformer core will have more of an impact,
than internal resistances for stability estimation. In addition,
as resistances will limit the rise in current, they should act
stabilizing on the system, thereby leading to the engineers
erring on the side of caution.

V. DISCUSSION ON USE IN APPLICATIONS

The control scheme introduced in this article allows for the
fully decentralized control of active bridges on an arbitrarily
large transformer. This opens up a new field of applications,
where the amount of active cells was formerly limited by the
centralized controller.

An example where MAC control can easily be implemented is
the energy router, as introduced in [37], [38]. So far, these need
a centralized controller, thereby limiting the amount of possible
router ports through controller calculation and sampling limita-
tions, the MAC approach opens up the possibility of near infinite
participants on a single magnetically coupled transformer. In
this case, the transformer becomes a grid with each cell acting
as an individual participant with its own control goals. Here,
droop control schemes as introduced for microgrids [65], [66],
[67], [68] could be introduced to the MAC. This could enable
a full decentralized control of multiple participants on a single
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transformer. While the equations developed in this article enable
the setup of a stable system through necessary stability criteria,
sufficient stability criteria — as already implemented in other
types of microgrids [69], [70], [71] — might greatly reduce the
complexity of setting up a stable system.

Another point not discussed in this article is the efficient
operation of multiple cells with wide voltage ranges at a single
transformer. The proposed control scheme is an extension of
single phase shift between individual cells, which is typically not
the most efficient operating mode of MABs with wide voltage
ranges. A standard approach would be introducing internal phase
shifts at individual ports. These could be set by a centralized
controller and handed down to the individual cells through
higher level communication. This centralized controller would
then play the part of a power management system. Development
of amodel for the reactive transformer currents at each cell might
allow this power management system to use advanced methods
like model predictive control, or neural networks to optimize
efficiency of the ensemble, as has already been investigated for
DABs and MABs [72], [73], [74], [75], [76].

Concerning SSTs, MAC control could potentially fully limit
the need for communication between individual cells. This
would greatly reduce isolation and communication complex-
ity in MVDC to LVDC SSTs operating in input-serial-output-
parallel (ISOP), or potentially even HVDC to MVDC SSTs
in input-serial-output-serial (ISOS) configuration. In these se-
rialized configurations, especially the impact of nonsymmetric
coupling on the input side needs to be further investigated, as i,
needs to be equal at every serialized cell to avoid diverging input
voltages. While this can be easily realized for the output of the
converter — each cell knows its target voltage — the input voltage
necessarily needs to offer some flexibility, when connected to a
distributed grid.

In addition, enabling the inclusion of ac ports into power
routers or SSTs would further increase the possible range of ap-
plications. Direct low-frequency ac coupling to high-frequency
transformers has been investigated for various applications in
recent years [28], [77], [78], [79], [80]. Since the developed
solutions typically include active bridges on the dc side already,
they would be valuable additions to MMABs. Still, to allow these
solutions to be compatible within the MAC framework, further
investigation into the interference between MAC control and the
low frequency ac side current or voltage control is necessary,
as required power factors and pulsating input voltages could
interfere with the communication-less approach presented in this
article.

Another possible application of MAC control could be wire-
less power transfer (WPT). In WPT, sending gate signals be-
tween the two cells is nearly impossible, as there is no physical
connection. Under typical control schemes, this requires the
receiving side to operate as a pure rectifier, thereby having
no control on power flow. Implementing MAC control in a
WPT application would allow for both cells to control power
transfer. This could allow for high dynamic bidirectional wire-
less charging of EVs, or single-stage power flow control in
wireless charging of consumer electronics without the need for
overarching wireless communication. As coupling is usually low
in WPT, different types of LC-resonant converters are used to
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increase power transfer capability [81], [82], [83]. The MAC
modeling would therefore need to be adapted for these resonant
tanks.

VI. CONCLUSION

This article introduces and analyzes the MAC. The MAC
extends single phase shift of a MAB to enable fully decentralized
control of multiple converter cells on a single transformer. As
slight variations in clock frequency between individual con-
trollers renders setting fixed phase shifts between cells impossi-
ble, MAC control uses slight variations in switching frequency
to continuously adjust phase shift between cells. Power flow is
therefore controlled by the ensemble of individual cells changing
their individual switching frequency according to their control
law. An MMAB with MAC control therefore behaves very
closely like a centrally controlled MAB with single phase shift
in terms of efficiency and voltage gain.

To allow for stable readjustment of frequencies, a digital con-
trol is developed. The control scheme is introduced step by step
with increasing complexity. In the simplest case, each cells MCU
samples the transformer current once every switching period,
with all cells operating in trapezoidal mode. If the current is
sampled at the center of either the positive or negative half-wave
in each cell, the system can be represented as a linear discrete
time system. This fact can be used to select control parameters
based on the eigenvalues of the system. The model is then
extended to allow for individual cells to operate with absolute
phase shifts larger than /2. To also allow for active dc-bias
compensation, the control is finally extended to the controller
sampling each half-wave. The resulting effects are integrated in
the model.

To test the prediction capabilities of the model, MAC control
is verified experimentally. The model was able to predict insta-
bilities caused by badly selected control parameters as shown
in Section III-B, or specific combinations of cells increasing
their phase shift past /2 (see Section III-D). As investigated
in Section III-E, MAC control allows for the semi-independent
control of positive and negative half-waves, thereby eliminating
dc-offsets that typically occur in traditional single phase-shift
control. For dynamic events, high model accuracy was shown in
Section IV for DAB and MAB applications, thereby validating
the description of multiple active cells with variable switching
frequencies by a simple linear system.

Since this work only introduces the basic control scheme,
many open questions remain regarding implementation in var-
ious applications. The potential benefits of MAC control along
with remaining challenges are therefore discussed for different
possible applications like energy routers, SSTs or WPT.
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