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Abstract—Solid-state transformers (SSTs) operate within the
overvoltage and undervoltage limits to ensure safety and power
quality (prevent overmodulation). This constrained region of op-
eration creates a reserve of available energy in the system, which
is primarily stored in the multiple dc-link capacitors. The energy
reserves in the system are essential during load transients as the
initial energy demand is compensated by the dc-link capacitors.
This article presents a detailed analysis of the energy distribution
during load transients for different SST control strategies and the
impact of control gains. Subsequently, a reserved-energy-aided
control parameter design approach is proposed that effectively
distributes the stored energy of the capacitors within prescribed
operating limits for a safe and controllable operation. The proposed
design approach expands the operational range of SSTs, allowing
them to handle larger variations in load power compared to con-
ventional control design strategies. The results are validated on
a single-phase, two-stage, two-string 230-V/250-V 1-kVA 50-kHz
SST system.

Index Terms—Energy distribution, load transient, solid-state
transformers (SSTs), stability.

I. INTRODUCTION

R ESEARCHERS are exploring replacing conventional pas-
sive transformers in distribution systems with more ad-

vanced solid-state transformer (SST) solutions [1], [2], [3]. In
addition to the flexibility in control, SSTs also provide grid
quality support, availability of dc ports, isolation of faults,
reduced weight, and volume of transformers, etc. [1], [2], [3].
The development of high-voltage (HV) high-power SSTs is
benefiting from advancements in wide bandgap devices and
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Fig. 1. Single-phase three-stage architecture of an SST.

high-frequency magnetics, allowing for modular designs [2],
[4], [5], [6], [7], [8]. The most commonly used architecture for
the SST involves three-stage conversion, as shown in Fig. 1,
due to its ease of scalability and modularity [9], [10]. The ac–dc
conversion unit can be realised with a cascaded H-bridge (CHB)
topology, forming the Stage I. Dual-active bridges (DABs) inter-
face the HV and low-voltage (LV) dc-link capacitors, forming
the Stage II. Finally, Stage III consists of a two-level inverter
interfacing the LV grid.

With substantial decoupling between stages provided by large
dc-link capacitors, each stage of the SST can be designed with
specific and independent control objectives. While all stages
must regulate their respective power flows to maintain stable
dc-link voltages, Stages I and III are also responsible for en-
suring respective grid current, and Stage II typically focuses
on balancing the HV dc-link capacitor voltages [2], [11], [12],
[13]. The objectives are often achieved with nested control loops.
The inner current control loops of all the stages usually employ
conventional proportional–integral (PI) or resonant controllers.
The outer capacitor voltage (or energy) control loops, which
regulate the capacitor voltages to preset values by shaping the
current (or power) references used in the inner control loops of
Stages I and II, also commonly employ PI controllers [13]. In
the literature, the outer control loops are designed using either
capacitor voltages or squared capacitor voltages (proportional to
capacitor energy). In this article, energy variables are assumed,
given the linear relationship between energy and power [14],
[15]. Besides, this article assumes that the load (the active
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power requirement from Stage III) is unknown, and thus load
feedforward signal is unavailable for control purposes.

During a load transient event, the dc-link capacitor voltages
deviate from their references, indicating an imbalance in power
flow, that should be compensated by the source. Various com-
binations of the dc-link capacitor voltages (energies) variations
can be used as control state variables for the aforementioned
outer voltage (energy) loops to create new steady-state power
references. In [11], [12], [13], [16], Stage I controls the sum
of the HV-side capacitor voltages (energies), while Stage II
regulates the LV-side capacitor voltage (energy), referred to as
conventional control (CC) in the sequel. In [15], Stage I’s role
shifts to regulate the total stored energy within the SST. This
decouples the control, simplifying its synthesis, and it is termed
decoupled control (DC). In [17], Stage II’s responsibility shifts
to control the energy difference between the LV-side capacitor
and each HV-side capacitor (Stage I maintains its role of control-
ling the total stored energy). This ensures equal distribution of
transient energy across all the capacitors, regardless of control
gains, and is referred as balanced control (BC). Note that, among
the reported SST control strategies in the literature, CC is the
most widely used. Other more advanced control strategies [18],
[19], [20], [21], such as the use of artificial neural networks or
model predictive control, still fall within the CC strategy given
the choice of state variables adopted.

Although the CC, DC, and BC strategies can be designed
to ensure theoretically stable closed-loop systems, ensuring
operational stability, i.e., avoiding unsafe or nonlinear operation
that can lead to instability, requires the voltage (energy) variables
of the capacitors to be confined within the prescribed regions.
For example, the voltage on each of the HV side capacitors
must be above the peak value of its reference voltage on the
ac side to avoid overmodulation and, at the same time, remain
below a maximum limit that defines the safe area of operation.
This article analytically evaluates the suitability of the CC,
DC, and BC strategies to guarantee capacitor voltage operation
within prescribed limits, and examines the impact of the con-
trol gains. Furthermore, by introducing the concept of energy
reserves, the article proposes a control design approach that
extends the stable region of the SST, accommodating large load
variations.

The rest of this article is organized as follows. In Section II,
the architecture of the SST and the CC strategies are discussed.
Section III reveals an in-depth analysis of the energy distribution
during load transients, comparing conventional, and alternative
control methods previously reported for SSTs. Section IV in-
troduces a reserved-energy-based control design approach that
effectively harnesses the reserve dc-link capacitor energies. Sec-
tions V presents the experimental results that assess the accuracy
of the proposed analysis and control design approach. Finally,
Section VI concludes this article.

II. SST CONTROL STRATEGIES – BACKGROUND

This section provides an overview of the single-phase three-
stage SST structure shown in Fig. 1 and different control strate-
gies.

Fig. 2. CC of the SST in Stages I, II, and III.

A. Architecture and Main Variables

In the circuit diagram of a single-phase three-stage SST in
Fig. 1, the HV-side is characterized by voltage, vHV, current,
iHV, and impedance ZHV = RHV + jωHVLHV. Similarly, LV-
side is characterized by voltage, vLV, current, iLV, and impedance
ZLV = RLV + jωLVLLV. Parameters ωHV, ωLV, RHV, RLV, LHV,
and LLV denote the grid angular frequency, the parasitic resis-
tance, and the inductance, at the HV and LV sides, respectively.
Each phase consists of N strings and j ∈ {1, 2, . . ., N} refers to
the string index. The power transfer through each DAB is facili-
tated by using external inductance represented asLdab,j in Fig. 1.
The HV dc-link capacitor of the jth string, CI,j , holds voltage,
vI,j , whereas the LV dc-link capacitor, CII, holds voltage, vII.
Variables pI,j and pII,j are the instantaneous powers flowing
through the jth string of Stage I and Stage II, respectively,
while pIII refers to the instantaneous power flowing through
Stage III. The HV and LV dc-link energy variables correspond
to, respectively

eI,j =
1

2
CI,jv

2
I,j (1)

eII =
1

2
CIIv

2
II. (2)

In addition, the total HV dc-link energy and the total SST dc-link
energy correspond to, respectively,

eI =

N∑
j=1

eI,j (3)

eΣ = eI + eII. (4)

B. Control Strategies

The CC strategy is illustrated in Fig. 2, and discussed next.
Note that a single string has been used for the sake of illus-
tration. Other notable work with different control variables are
also proposed for SSTs, which is considered subsequently for
comparison.
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TABLE I
CONTROL LAWS FOR DIFFERENT SST CONTROL STRATEGIES

1) CC: (a) Stage-I control: The main objectives of Stage I
are (i) to regulate the HV-side active and reactive powers, pI and
qI , to their corresponding prescribed reference values, p∗I and q∗I ,
while (ii) regulating the dc component of eI to the prescribed
reference e∗I . Note that the control objective (ii) is achieved by
modifying the active power reference p∗I used in the control
objective (i). The control objective (i) is achieved via a dq-frame
current control loop, where feedforward and decoupling terms
are embedded in variables vHVd,ff and vHVq,ff , as

vHVd,ff = vHVd + ωHVLHViHVq

vHVq,ff = vHVq − ωHVLHViHVd (5)

{vHVd, vHVq} and{iHVd, iHVq} are thedq components of the HV-
side grid voltage and current, respectively, where second-order-
generalized integrators have been used [22]. The modulation
signal for the jth H-bridge submodule, mI,j in Fig. 2, is then
calculated by dividing the α component of the current control
output by N -times the corresponding dc-link capacitor voltage,
vI,j .

(b) Stage-II control: For this stage, the control design aims
at (i) regulating the LV-side dc-link capacitor energy to the
prescribed reference e∗II , while (ii) evenly distributing the sum of
energy in the HV capacitors. This is achieved via N PI control
loops. Specifically, (i) is achieved by a common PI loop for
the N DABs [denoted as GII,e(s) in Fig. 2], which provides
a common power reference p∗II, while (ii) is achieved by N − 1
individual PI loops for each DAB [denoted asGII,pb(s) in Fig. 2],
which provide individual incremental power termsΔpII,j , which
satisfy ΣN

j=1ΔpII,j = 0. To account for nonlinearities of DAB
and facilitate current sharing among input-series output-parallel
modules, inner current controllers are employed using individual
PI controller for each DAB [denoted as GII,i(s) in Fig. 2],
which provide the required phase-shift, φj for individual DAB
modules [2], [23].

(c) Stage-III control: With PI controller GIII,i(s) in Fig. 2,
Stage III uses a similar current control loop as Stage I to steer
the LV-side active and reactive powers, pIII and qIII, to their
prescribed reference values, p∗III and q∗III. Similar to (5), vLVd,ff

and vLVq,ff are the decoupling feedforward terms. The control
laws of the outer control loops are summarized in Table I.

Fig. 3. Averaged-model of a single-phase single-string SST.

2) DC: Mao et al. [15] proposed a change in state variables,
such that the Stage I controls the sum of total dc-link energies
eΣ with an aim to decouple the power flow in Stage I from
Stage II.

3) BC: Sarda et al. [17] proposed a new set of variables with
coupled load transient ability, such that Stage I controls the sum
of total dc-link energies eΣ, as in [15], while Stage II controls
the difference in energies eII − eI,j .

4) Summary: A brief summary of the state variables and cor-
responding control laws used in the different control strategies
are summarized in Table I. The incremental states in Table I
is denoted as ỹ and defined with respect to the equilibrium
pointy∗ asỹ = y − y∗.Pair {α1, α2} in Table I represents the
PI gains for Stage-I outer energy controller [GI,e(s) in Fig. 2]
and, similarly, {β1, β2} and {ξ1, ξ2} pairs represent the PI gains
for Stage-II energy controller [GII,e(s)] and power balancing
controller [GII,pb(s)], respectively. During any transient event,
the dc-link capacitors CI,j and CII compensate for disturbances,
resulting in corresponding energy variations represented as ẽI,j

and ẽII. It is important to recognize that an appropriate energy
distribution within the capacitors is essential for the system’s
reliable operation, which is discussed next. The inner current
loops [GI,i(s), GII,i(s) and GIII,i(s)] are designed at a faster
dynamics than the outer loops, which explanation is avoided for
the sake of brevity [13].

III. ENERGY DISTRIBUTION IN DC-LINK CAPACITORS DURING

LOAD TRANSIENT

The single-string averaged model of the SST shown in Fig. 3
[17] is considered for the analysis in this section. In Fig. 3, pI,
pII, and pIII represent the averaged powers over a grid frequency,
through Stages I, II, and III, respectively. The dynamic model



9482 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 7, JULY 2025

of the system in Fig. 3 corresponds to

ėI = pI − pII (6)

ėII = pII − pIII (7)

or, equivalently, in terms of incremental variables

˙̃eI = p̃I − p̃II (8)

˙̃eII = p̃II − p̃III (9)

1) CC: Replacing p̃I and p̃II in (8) and (9) by the control laws
given in the first column of Table I, the following closed-loop
state-space representation is obtained

˙̃x =

⎡
⎢⎢⎣
−α1 β1 −α2 β2

0 −β1 0 −β2

1 0 0 0
0 1 0 0

⎤
⎥⎥⎦ x̃+

⎡
⎢⎢⎣

0
−1
0
0

⎤
⎥⎥⎦ p̃III. (10)

x̃ = [ẽIẽII
∫
ẽI
∫
ẽII]

′ denotes the state vector, where integral
variables have been considered to enforce zero steady-state error
in the regulation of eI and eII regardless of the unknown load.
From (10), the following energy-to-load transfer functions can
be obtained:

ẼI(s)

P̃III(s)
= − β1 +

β2

s

(s+ α1 +
α2

s )(s+ β1 +
β2

s )
(11)

ẼII(s)

P̃III(s)
= − 1

s+ β1 +
β2

s

. (12)

Adding (11) and (12), the total energy-to-load transfer function
is obtained as

ẼΣ(s)

P̃III(s)
= − 1

s+ α1 +
α2

s

(
α1 +

α2

s

s+ β1 +
β2

s

+ 1

)
. (13)

Dividing (11) by (12), the following energy-to-energy transfer
function is obtained:

ẼI(s)

ẼII(s)
=

β1 +
β2

s

s+ α1 +
α2

s

. (14)

The transfer function (13) provides information about how the
total (or global) energy stored in the SST changes according to
a load change, whereas (14) defines how the energy within the
SST distributes internally. As it can be observed, the control
parameters of both Stage I and II, i.e., pairs {α1, α2} and
{β1, β2}, affect the transfer functions (13) and (14), challenging
the control design. For the sake of simplicity, a ratio k is defined
between Stage-II and Stage-I feedback gains, i.e.,

βi = kαi, ∀i ∈ {1, 2}. (15)

Further examining (13) and (14), the following time-domain
responses to a unit-step change in the load are obtained:

ẽΣ(t) ≈ 1

α1

(
1

k
+ 1

)
e−

α2
α1

t (16)

ẽI(t) ≈ kẽII(t). (17)

The first-order approximations in (16) and (17) is valid under
dominant-pole condition α2

1 >> 4α2. From (16) and (17), the
following conclusions can be drawn:

1) From (16), if k > 10, the peak energy change in ẽΣ
(denoted as ẽΣ−p) remains equivalent to approximately
1
α1

. However, ẽΣ−p increases as the gain ratio k decreases
when below 10. Therefore, k < 10 is undesired in the CC.

2) From (17), the individual peak energy changes in CI and
CII (denoted as ẽI−p and ẽII−p) follows ẽI−p > ẽII−p ∀t
when k > 1, indicating a greater reliance on the energy
stored in the HV-side capacitors to compensate for load
transients.

To validate the preceding conclusions, simulations are per-
formed on the reduced-order model depicted in Fig. 3, assess-
ing its response to a unit step change in load power, pIII, for
different k values, viz., k ∈ {1, 5, 10, 20, 50, 100}. The Stage-I
control gains are chosen as α1 = 50 and α2 = 100, ensuring
α2
1 >> 4α2 and an adequate rise time of less than 40 ms. The

peak values in the incremental energy variables ẽΣ−p, ẽI−p, and
ẽII−p are recorded and compared with the theoretical values
derived in (17) and (18), and shown in Fig. 4(a). For example,
with k = 100, ẽΣ−p, ẽI−p, and ẽII−p are 0.018 J, 0.018 J, and
0.00018 J. The maximum energy variation in ẽΣ approximately
matches the 1/α1 = 0.02 value indicated in conclusion 1) for
k > 10. Besides, the ratio ẽI−p/ẽII−p matches the k = 100 value
indicated in conclusion 2).

On the other hand, for k = 1, ẽΣ−p, ẽI−p, and ẽII−p are 0.036J,
0.018J, and 0.018J, respectively. The maximum energy varia-
tion in ẽΣ approximately matches the 1/α1(1/k + 1) ≈ 0.036
value indicated in conclusion 1) for k < 10. Besides, the ratio
ẽI−p/ẽII−p matches the k = 1 value indicated in conclusion 2).
Minor discrepancies can be attributed to the neglected effect of
the integral terms.

2) DC: The analysis performed in this section follows the
same methodology as outlined in the previous section; therefore,
it is not reiterated here. The main results are summarized in the
second column of Table II, followed by the next concluding
remarks.

1) Unlike the CC, the peak energy change ẽΣ−p remains
equivalent to approximately 1

α1
, irrespective of k.

2) Owing to conclusion 1), the individual peak energy
changes ẽI−p and ẽII−p obtained are (1− 1

k )ẽΣ−p and
1
k ẽΣ−p, respectively, showing that the distribution can
be adjusted by selecting different values of k, without
impacting the global peak energy change ẽΣ−p.

Similar simulation results to those in the previous section
are conducted. These results are illustrated in Fig. 4(b), clearly
matching the predicted values and corroborating the preceding
conclusions. Notably, ẽΣ−p (red curve) is constant throughout
the simulation, and approximately equal to the 1/α1 = 0.02
value regardless the k value. The individual peak energy dis-
tribution ẽI−p − ẽII−p (blue curve) can be adjusted according
to the value of k without impacting ẽΣ−p, which stands apart
from the CC. For example, by choosing k = 1, the ẽI−p ≈ 0J
and ẽII−p ≈ 0.02J, relaxing the transient energy compensation
from CI. Conversely, by choosing k > 10, the ẽI−p ≈ 0.02J and
ẽII−p ≈ 0J, relaxing the transient energy compensation fromCII.
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(a) (b) (c)

Fig. 4. SST global energy variation (peak value) (ẽΣ−p) and internal distribution charts (ẽI−p and ẽII−p), where {ẽΣ−p|simẽI−p|sim} are the simulated values
and {ẽΣ−p|calẽI−p|cal} are the calculated values from Table I, for: (a) CC, (b) DC, and (c) BC.

TABLE II
COMPARISON OF TOTAL INCREMENTAL ENERGY DISTURBANCE AND RATIO OF INCREMENTAL ENERGY DISTRIBUTION AMONG CI AND CII

This property of the DC will be used to improve the operational
stability of the SST to withstand higher load transients, discussed
in Section IV.

3) BC: The main results are summarized in the third column
of Table II, followed by the next concluding remarks.

1) Similar to the DC, the peak energy change ẽΣ−p remains
equivalent to approximately 1

α1
, irrespective of k.

2) Unlike the DC, the distribution of peak energies among
CI and CII is always equal irrespective of k, i.e., ẽI−p ≈
ẽII−p ≈ 1

2 ẽΣ−p.
Fig. 4(c) corroborates the accuracy of the analysis via sim-

ulations. Notably, ẽΣ−p (red curve) is constant throughout the
simulation, and approximately equal to the 1/α1 = 0.02 value

regardless the k value. However, the individual peak energy
distribution ẽI−p − ẽII−p (blue curve) cannot be adjusted ac-
cording to the value of k, which stands apart from the DC. For
example, choosing k = 1 or k = 10 results in ẽI−p ≈ 0.01J and
ẽII−p ≈ 0.01J, making the distribution independent of k.

4) Remarks: Note that all the above-discussed controls yield
theoretically stable closed-loop systems (with closed-loop state
matrix being Hurwitz) as long as the feedback gains are non-
negative. However, to ensure operational stability and prevent
unsafe or nonlinear operation that could lead to instability, it
is crucial that the state variables, eI and eII, remain within a
specified constrained region. For instance, eI must be larger
than the peak value of the HV-side grid voltage to prevent
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(a) (b) (c)

Fig. 5. SST global energy variation and internal distribution charts illustrating reserved energies under different load conditions, with operating points {x1, x2, x3}
depicting the particular k = 10 case. (a) CC, (b) DC, and (c) BC. Operating points {z1, z2, z3} in (b) depict the optimal k values that maximise the SST operating
region.

overmodulation yet lower than a prescribed maximum value to
prevent unsafe operation. Note that, the generalization of the
results for an N -string SST is provided in an Appendix. The
next section defines the viable operational regions and evaluates
the suitability of the previously discussed control strategies to
maintain operation within them.

IV. RESERVE-ENERGY-AIDED CONTROL DESIGN APPROACH

In this section, the concept of energy reserve is used to assess
the operational stability of the SST. Energy reserve refer to
the amount of energy that a capacitor can absorb or supply
without exceeding operational limits beyond which SST stability
(or safety) may be compromised. For example, for the sum of
energies in the HV-side capacitors, eI , its energy reserve is given
by

eI−res =

{
e∗I − 1

2CIV
2

I−min ∀ẽI < 0
1
2CIV

2
I−max − e∗I ∀ẽI > 0

(18)

whereVI−max andVI−min are the maximum and minimum voltage
levels of operation for CI, respectively. Note that, the choice of
VI−max is defined by the switch and capacitor voltage ratings,
and VI−min is defined by the CHB ac-side voltage reference to
avoid overmodulation. Similarly, defining VII−max and VII−min as
the maximum and minimum voltage levels of operation for CII,
the reserve energy is obtained as eII−res similar to (18).

Fig. 5 depicts the operating ranges of the SST on the
|ẽI−p| − |ẽII−p| plane, with safe regions highlighted in green and
unsafe regions in red. The safe operating range is defined by the
conditions |ẽI−p| < eI−res and |ẽII−p| < eII−res, while the unsafe
range is where |ẽI−p| > eI−res or |ẽII−p| > eII−res. Red dashed
lines illustrate the limits between safe and unsafe regions. The
figure compares the CC [see Fig. 5(a)], the DC [see Fig. 5(b)],
and the BC [see Fig. 5(c)]. These comparisons are made un-
der three different load changes denoted as |p̃III−1|, |p̃III−2|,
and |p̃III−3|, where |p̃III−1| < |p̃III−2| < |p̃III−3|. The SST global
energy variation charts illustrated in Fig. 4 are superimposed
in the |ẽI−p| − |ẽII−p| plane of Fig. 5 for the three different
load changes, where marker points x1, x2, x3 highlight the
corresponding operating points for the particular k = 10 case.

Note that different k values will correspond to different points
along the lines for the CC and the DC, whereas it will remain
unchanged for the BC.

Note that as the load change increases in magnitude, the
operating points x1, x2, x3 tend to move toward the unsafe
region regardless the control strategy adopted. Nevertheless, it
is important to highlight that, unlike the CC and the BC, the DC
can remain within the safe area of operation for a given range of
k values for the three different load changes considered. For in-
stance, if thek values in the DC are chosen such that {x1, x2, x3}
become {z1, z2, z3}, highlighted with star markers in Fig. 5(b),
the SST will maximize its operation within the safe region. Note
that {z1, z2, z3} correspond to the intersection between the line
|ẽI−p| = eI−res/eII−res ∗ |ẽII−p| [green-dashed line in Fig. 5(b)]
and load-dependent line |ẽI−p|+ |ẽII−p| = |ẽΣ−p| ≈ |p̃III|/α1,
where |ẽI−p| = (k − 1)|ẽII−p|. Equating the line equations, the
optimal k value can be found as

k = 1 +
eI−res

eII−res
(19)

which provides an efficient way of distributing energies and
utilizing reserved energy to allow maximum load change with-
out hitting converter limits, ensuring operational stability. Next
section presents experimental verification of the results obtained
in Section III and this section.

A. Remarks

1) Influence of Stage-I Control Gain (α1): Fig. 5 depicts
feasible energy distributions for different load cases (p̃III−1 <
p̃III−2 < p̃III−3), keeping the control gains of Stage I constant.
Note that this is a valid assumption since, in practice, the
Stage I control gains are determined to ensure accurate control of
the HV-side grid current, as described in Section IV-A. Having
said this, it is worth mentioning that the proposed theoretical
framework is sufficiently general to consider variations in both
the load and the Stage-I control gain.

2) Minimum Energy Reserve Requirement: Note that the
energy reserve values, or equivalently the capacitance and dc
values of the capacitor voltages, should not be too restrictive. In
fact, for a transient to be feasible, the HV and LV peak energy
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TABLE III
MAXIMUM LOAD CHANGE USING DIFFERENT CONTROL STRATEGIES

transients must satisfy the following conditions:

ẽI−p ≤ eI−res (20)

ẽII−p ≤ eII−res (21)

beyond which the prescribed fault limits are inevitable. Using
the maximum values obtained for ẽI−p and ẽII−p from Table II for
each of the studied control strategies, the maximum load change,
denoted as p̃III−max, preserving the linear region of operation, is
given in Table III.

From Table III, it can be observed that the maximum load
change capability for the proposed control is determined by both
eI−res and eII−res simultaneously, unlike the other controls where
p̃III−max is limited either by eI−res or eII−res. The inequalities
presented in Table III can serve as a guideline for appropriately
sizing the HV and LV dc-link capacitors to handle a desired range
of load changes. Alternatively, for a given set of capacitance
values selected based on voltage ripple criteria, the inequalities
in Table III can be used to determine the load range capability
of the SST.

3) Effect of Capacitance Degradation: The bandwidth ratio
proposed in (19) is influenced by capacitance variations. For the
experimental setup detailed in Section V, a ±20% variation in
CI and CII results in an approximately ±10% fluctuation in the
optimal k. However, this variation is mild and can be effectively
mitigated through the use of online capacitance monitoring
methods [24], [25], allowing for dynamic adjustment of the
relative gain k.

V. EXPERIMENTAL RESULTS

To validate the analysis in Section III and the proposed
reserve-energy-aided control design approach in Section IV, a
small-scale laboratory prototype is built, as shown in Fig. 6,
with parameters listed in Table III. It comprises of two strings,
with Stage I connected to a GE & EL 15-kVA CINERGIA grid
emulator, and with Stage III emulated by a Chroma 63200E
electronic load. The control system is implemented using Im-
perix B-Box RCP at a sampling frequency of 20 kHz. The six
H-bridges (three per string) are implemented using Infineon SiC
IMZ120R045M1 devices. The DAB implementation makes use
of a five-stacked E70 ferrite core transformer with 9 turns on
both the primary and secondary sides operating at 50 kHz. The
conventional phase-shifted sinusoidal pulsewidth modulation
technique is used for the CHB, and single phase shift modulation
strategy is used for the DABs. The Imperix B-Box RCP collects
sensor data via analog-to-digital conversion channels, and MAT-
LAB is utilized for postprocessing and plotting the waveforms.

In this section, the energy distribution plots in Fig. 4 are com-
pared against experimental results to experimentally corroborate
the accuracy of the proposed analysis. Subsequently, the concept

Fig. 6. Experimental setup of a 1-kVA 230-V/250-V, 50-kHz SST.

(a) (b)

Fig. 7. Open-loop Bode plots of the inner current control loop and outer energy
control loop of Stage I (a) magnitude and (b) phase.

of operational instability is demonstrated with the conventional,
the decoupled, and the balanced controllers for different load
changes. Finally, the improved results with redesigned control
gain based on the reserve-energy concept using (19) is presented.
Stage-I control parameters {α1, α2} are chosen as {50, 100} to
ensure a phase margin greater than 60◦ and bandwidth less than
1/5th of the grid frequency (50 Hz).

A. Selection of Stages-I and II Control Gains

The PI gains of the inner current control loop are chosen to
achieve a bandwidth of 1 kHz (more than 10-times lower than
the CHB equivalent switching frequency) and a phase margin of
60◦. Specifically, γ1 =120 and γ2 = 12000.

With respect to the PI gains of the outer energy control loop, a
bandwidth of 10 Hz (one fifth of the grid fundamental frequency)
and a phase margin of 90◦ have been considered. Specifically,
α1 = 50 and α2 = 100. The corresponding open-loop Bode
plots are given in Fig. 7(a) and (b). Note that the chosen values
for the control parameters of Stage I are unchanged for all the
studied controllers in the following experiments.

For Stage-II control, a relative bandwidth ofk = 10 is selected
for the CC, DC, and BC, while k is determined based on (19)
for the proposed control. The choice of k ≥ 10 adheres to the
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(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

Fig. 8. Experimental SST global energy variation and internal distribution charts (ẽI , ẽII and ẽΣ) for a step load change from 0.15 to 0.35 p.u with different
values of k(1, 2, 10, 20). From left to right, time-domain energy variations with (left column) k = 1, (middle-left column) k = 2, (middle-right column) k = 10,
and (right column) energy distribution chart using different controls. From top to bottom, (a)–(d) CC, (e)–(h) DC, and (i)–(l) BC.

conventional design approach in the literature [13], [15], which
recommends maximizing the control bandwidth of individual
SST stages.

B. Experimental Verification of the Global Energy Variation
and Internal Distribution Charts

On the experimental test bench depicted in Fig. 6, a step
change in load from 0.15 p.u to 0.35 p.u is performed and the
peak energy variations in the incremental energy variables ẽI−p,
ẽII−p and ẽΣ−p are recorded and shown in Fig. 8. From top
to bottom, Fig. 8 displays the energy distribution using CC in
Fig. 8(a)–(d), DC in Fig. 8(e)–(h), and BC in Fig. 8(i)–(l). Fig. 8
shows the effect of different k values {1, 2, 10}. The highlighted
maximum changes in energy in Fig. 8(a)–(c) are used to plot
Fig. 8(d), which show agreement with the results obtained using
reduced-order model in Fig. 4(a). Similarly, Fig. 8(h) and (l) for
decoupled and BC show agreement with the results obtained in
Fig. 4(b) and (c), respectively.

As discussed in Section II, using the CC, and high values
of k reported in existing literature (k > 10), ẽΣ−p can be kept
relatively constant in the detriment of an increased burden
on the HV dc-link capacitors, i.e., ẽI−p > ẽII−p. Although k
can be reduced to k < 10 values for a fairer distribution of
energies between HV and LV dc-link capacitors, an undesir-
able increase in ẽΣ is observed, as Fig. 8(a)–(d) corroborate.
Specifically, in Fig. 8(a), ẽI−p and ẽII−p are relatively close, but
ẽΣ−p is approximately twice larger (in absolute value) than in
Fig. 8(c).

Using the DC, a linear distribution of energies among CI

and CII can be achieved with a suitable choice of k as seen in
Fig. 8(e)–(h). Remarkably, ẽΣ−p remains constant irrespective
of the k value. For k = 1 in Fig. 8(e), the LV dc-link capacitor is
responsible of providing approximately all the required transient

energy, whereas, as k increases, the roles shift in a linear fashion
to the point that at k = 10, in Fig. 8(h), the HV dc-link capacitors
are the ones responsible of providing almost all the transient en-
ergy. In fact, this is the underlying basis of the proposed control
design approach, where the value of k is adjusted according to
(19) to optimally distribute the energy transient.

In Fig. 8(i)–(l), the distribution of energies using BC is
presented. Irrespective of k, the energy among CI,j and CII

are distributed evenly, i.e., ẽI,1−p ≈ ẽI,2−p ≈ ẽII−p (or equiva-
lently, 1

N ẽI−p ≈ ẽII−p) with ẽΣ−p remaining constant, resem-
bling equivalency of the results obtained using reduced-order
model in Fig. 4(c).

Note that, unlike the equivalent single-string reduced-order
model used to obtain Fig. 4, the results obtained are for N = 2
strings and 200-W step change in load power, representing a
200-time scaled-up version. However, the conclusions remain
valid.

The authors acknowledge slight discrepancies between the
calculated and the experimental results. The discrepancies arise
from simplifications in the theoretical derivations, including
neglecting integral terms, disregarding second harmonics on
HV-side capacitors, and omitting nonlinear effects like dead time
in DAB converters.

C. Operational Instability Mechanism of CC Approaches

This section compares the performance of the proposed
reserved-energy-aided control design approach, where k is cho-
sen according to (19), against the studied controllers in this
article for k = 10 value. Two load changes are used to illustrate
the operational instability mechanism of the CC approaches:
a 0.5 p.u increase in power and a 0.7 p.u decrease in power, as
shown in Figs. 9 and 10, respectively. The DC with the proposed
design approach is then tested for the same load changes as
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(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

Fig. 9. Experimental results for a step load change from 0.05 to 0.55 p.u From left to right, (left column) HV grid voltage (vHV) and HV grid current (iHV)
(middle-left column) HV DC-link capacitor voltages (vI,1 and vI,2), (middle-right column) LV DC-link capacitor voltage (vII), and (right column) energy error
distribution among CI, CII and total energy distribution (ẽI,ẽII, and ẽΣ, respectively). From top to bottom, (top row) CC, (middle row) DC, and (bottom row) BC.

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

Fig. 10. Experimental results for a step load change from 0.75 to 0.05 p.u From left to right, (left column) HV grid voltage (vHV) and HV grid current (iHV)
(middle-left column) HV DC-link capacitor voltages (vI,1 and vI,2), (middle-right column) LV DC-link capacitor voltage (vII), and (right column) energy error
distribution among CI, CII and total energy distribution (ẽI,ẽII and ẽΣ, respectively). From top to bottom, (top row) CC, (middle row) DC, and (bottom row) BC.

before, plus a 0.7 p.u increase in power, as shown in Fig. 11.
Although the maximum and minimum limits of each dc-link
voltage are defined, the system is allowed to continue operating
for clarity. In practice, operations are disabled as soon as one of
the limits is reached.

1) 0.5 P.u Load Step-Up: Fig. 9 presents the experimental
results for a step change in load from 50 to 550 W. Fig. 9(a)–(d)
displays the results using the CC. Specifically, Fig. 9(a) shows
the HV grid voltage (vHV) and HV grid current (iHV). Fig. 9(b)

depicts the variations in HV dc-link capacitor voltages (vI,1 and
vI,2), highlighting the safe operating area in green. Fig. 9(c)
illustrates the variations in LV dc-link capacitor voltage (vII).
Fig. 9(d) shows the total and individual incremental energies
(i.e., ẽI, ẽII, and ẽΣ). Similarly, from top to bottom, Fig. 9(e)–(h)
and Fig. 9(i)–(l), display the results obtained using the DC and
the BC, respectively.

For this load transient, Fig. 9(a) shows a 50% grid current
overshoot when using the CC due to the overmodulation region
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(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

Fig. 11. Experimental results with DC and k designed based on (19). From left to right, (left column) HV grid voltage (vHV) and HV grid current (iHV) (middle-left
column) HV DC-link capacitor voltages (vI,1 and vI,2), (middle-right column) LV DC-link capacitor voltage (vII), and (right column) energy error distribution
among CI, CII and total energy distribution (ẽI, ẽII, and ẽΣ, respectively). From top to bottom, step load change from (top row) 0.05 to 0.55 p.u, (middle row) 0.05
to 0.75 p.u, and (bottom row) 0.75 to 0.05 p.u.

of operation. This overmodulation is caused by a 40% voltage
drop on the HV dc-link capacitors from the reference voltage
of 250 V, as seen in Fig. 9(b). With the chosen k = 10, only
an 8% voltage drop is observed on the LV dc-link capacitor, as
shown in Fig. 9(c). It should be noted that the 40% drop in the
HV dc-link capacitor voltage would trigger the set fault limit
(VI−min = 170 V) and, in practical applications, discontinue the
operation.

Similar results are observed with the DC in Fig. 9(e)–(h),
with a 15% grid current overshoot, overmodulation region of
operation, and a 40% drop in the HV dc-link voltages potentially
triggering a shutdown in a practical system.

Using the BC, the overmodulation region of operation is
avoided, as seen in Fig. 9(i), with improved dc-link voltage
profiles showing a 26% voltage drop on the HV dc-link voltage
and a 10% voltage drop on the LV dc-link voltage. However, the
defined operational limits still trigger a fault.

2) 0.7 P.u Load Step-Down: Fig. 10 presents the results
obtained for a reduction in load from 750 to 50 W, in a manner
analogous to Fig. 9. Fig. 10(a)–(d) illustrates the operation using
the CC. Fig. 10(b) shows a 40% voltage overshoot on the HV
dc-link capacitors, while Fig. 10(c) indicates only a 2.8% voltage
overshoot on the LV dc-link capacitor. Note that the HV dc-link
capacitor voltage reaches the limit of VI−max = 320 V, which
will halt the system operation in practical applications.

The DC, as shown in Fig. 10(e)–(h), results in a 38% overshoot
in the HV dc-link capacitor voltages and a 3.6% voltage over-
shoot in the LV dc-link capacitor voltage, depicted in Fig. 10(f)
and (g), respectively. Similar to the CC, the DC will terminate
the system operation in practical applications.

The BC, as depicted in Fig. 10(i)–(l), reveals a 28% overshoot
in the HV dc-link capacitor voltages, as shown in Fig. 10(j),
slightly exceeding the threshold limit and triggering a fault in
practical applications.

3) DC With the Proposed Design Approach: Using (19) for
the parameters in Table IV, results in k = 1.37 for {ẽI, ẽII} ≤ 0
and k = 1.26 for {ẽI, ẽII} > 0. The corresponding experimental
results are summarized in Fig. 11, where the top, middle, and
bottom plots correspond to 0.5 p.u load step-up, 0.7 p.u load
step-up, and 0.7 p.u load step-down, respectively. As it can be ob-
served, fault triggers are entirely avoided for 0.5 p.u step changes
in load by safely distributing energies based on the available
reserve energies, as shown in Fig. 11(a)–(d). Remarkably, no
overmodulation region is observed, preventing any grid-current
overshoot. The improved energy distribution profile ensures
continuous system operation. Notably, the proposed control
design allows for safe energy distribution even with a 0.7 p.u step
change in both ascending and descending directions, as seen in
the middle and bottom plots of Fig. 11. With 0.7 p.u load step-up,
a 12% voltage drop in the HV dc-link capacitors, achieved at
the expense of a 28% voltage drop in the LV dc-link capacitor
voltages is observed [see Fig. 11(e)–(h)]. With a 0.7 p.u load
step-down, the HV dc-link capacitor voltages observes a 12%
voltage overshoot in Fig. 11(j) at the expense of a 20% voltage
overshoot in the LV dc-link capacitor voltages in Fig. 11(k).
Nonetheless, the system remains safe within the specified
limits.

4) Remarks: Two different plots, i.e., Fig. 12(a) and (b), are
considered to illustrate the case of step-up load change and
step-down load change, as the energy reserves change according
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TABLE IV
EXPERIMENTAL SETUP PARAMETERS

(a)

(b)

Fig. 12. SST internal incremental energy distribution charts illustrating re-
served energies under different load conditions and using different control
obtained from the experimental results in Figs. 8–10 for (a) load step-up and (b)
load step-down.

to the load change direction. Thus, the peak energy changes
observed for a load step-up, obtained from Figs. 9(d), (h) and
(l), and 11(d) and (h), are plotted in Fig. 12(a). Similarly, peak
energy changes observed for a load step-down, obtained from
Figs. 10(d), (h) and (l), and 11(l), are plotted in Fig. 12(b). The
green and red shaded areas are used to indicate the respective
feasible regions. Note that, the average values are used to plot

the energy distributions, neglecting the twice-grid-frequency
capacitor voltage ripple on the HV capacitors. Thus, for the case
of BC [see Figs. 9(l) and 10(l)], although the average values
remain within the boundary limits of |ẽI−res|, the presence of
second-harmonic voltage ripple and calculation inaccuracies in
energy limits—attributable to capacitor tolerance—cause the
instantaneous voltage to occasionally reach the VI−max and
VI−min levels in the experiments, as shown in Figs. 9(l) and
10(l). In contrast, the proposed reserved-energy-aided control
method ensures sufficient operational margin to accommodate
second-harmonic voltage ripple and capacitor tolerances.

As can be observed in Fig. 12, the green-starred points from
the experimental results closely align with the optimal values
(represented with the dot-dashed green line), validating the
effectiveness of the proposed method. The proposed control,
additionally, does not impact the steady-state operation. Thus,
the steady-state efficiency for a given operating point remains
the same, irrespective of the control strategy used. Having
said that, the proposed control offers the lowest loss profile
during the transient regime.

VI. CONCLUSION

This article has demonstrated the critical importance of ef-
fective energy management in SSTs to ensure stable operation
within the prescribed feasible regions. By analyzing various
control strategies for energy distribution, the limitations of
CC methods to effectively distribute the energies among the
dc-link capacitors is highlighted, showcasing the necessity for
more analysis to choose control design parameters. The pro-
posed concept of reserved energies enables the selection of
optimal control gains for the DC strategy, thereby expanding
the operating range of the SST. Experimental results validate
the accuracy of the proposed analysis and demonstrate the
improved dynamic performance of the proposed control de-
sign approach. Notably, the proposed SST effectively manages
0.7 p.u load changes in both ascending and descending di-
rections without encountering overmodulation or overvoltage
conditions. This stands in contrast to the conventional design
approaches, which exhibit limitations even with 0.5 p.u load
variations.

APPENDIX

The generalization of results obtained in Table II can be
extended to N = 3 (3-string SST) as follows. Considering the
CC law from Table I, the closed-loop state-space representation
is obtained as

˙̃x =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

δ1 δ2 δ2
β1

3 δ3 δ4 δ4
β2

3

δ2 δ1 δ2
β1

3 δ4 δ3 δ4
β2

3

δ2 δ2 δ1
β1

3 δ4 δ4 δ3
β2

3
0 0 0 −β1 0 0 0 −β2

1 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0
0 0 1 0 0 0 0 0
0 0 0 1 0 0 0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
x̃
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+

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0
0
0
−1
0
0
0
0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
p̃III (A1)

where the state variable matrix x is modified
to include the additional state variables as x =
[eI,1 eI,2 eI,3 eII

∫
eI,1

∫
eI,2

∫
eI,3

∫
eII]

′. The integral
variables have been added to enforce zero steady-state error,
and with ⎡

⎢⎢⎣
δ1
δ2
δ3
δ4

⎤
⎥⎥⎦ =

1

3

⎡
⎢⎢⎣
−α1 + 2ξ1
−α1 − ξ1
−α2 + 2ξ2
−α2 − ξ2

⎤
⎥⎥⎦ . (A2)

Note that, assigning, ξ1 = −α1 and ξ2 = −α2, (A1) can be
simplified as

˙̃x

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

−α1 0 0 β1

3 −α2 0 0 β2

3

0 −α1 0 β1

3 0 −α2 0 β2

3

0 0 −α1
β1

3 0 0 −α2
β2

3

0 0 0 −β1 0 0 0 −β2

1 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0
0 0 1 0 0 0 0 0
0 0 0 1 0 0 0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
x̃

+

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0
0
0
−1
0
0
0
0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
p̃III (A3)

which is in agreement with the result given in Table II of
the revised manuscript, for the CC case. From the state-space
representation in (A4), the following transfer functions can be
obtained:

EI,1(s)

PIII(s)

∣∣∣∣
CC

=
EI,2(s)

PIII(s)

∣∣∣∣
CC

=
EI,3(s)

PIII(s)

∣∣∣∣
CC

=
β1 +

β2

s

3(s+ α1 +
α2

s )

(A4)

EI(s)

PIII(s)

∣∣∣∣
CC

=
Σ3

i=1EI,i(s)

PIII(s)

∣∣∣∣
CC

=
β1 +

β2

s

s+ α1 +
α2

s

(A5)

EΣ(s)

PIII(s)

∣∣∣∣
CC

= − 1

s+ α1 +
α2

s

(
α1 +

α2

s

s+ β1 +
β2

s

+ 1

)
. (A6)

where subscript CC denotes conventional control. Note that,
(A5) and (A6) are in agreement with the results given in

Table II of the revised manuscript, for the cc case. Similar
conclusions can be drawn for the DC and BC.
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