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Power Routing in Modular Smart
Transformers: Active Thermal Control Through

Uneven Loading of Cells

I. INTRODUCTION

The increase of decentralized energy production challenges the actual distribution grid [1], [2].
In many countries, the generation and the consumption are spatially separated and the energy
needs to be transferred over a long distance [3]. This calls for new concepts to transfer the power
to the loads without overloading grid feeders and to connect new intelligent loads and storage [4],
which are typically making the actual electric grid hybrid (ac and dc) and coupled with other
energy networks (multimodal) [5]. In the current con®guration, the transformers are passive
devices, which do not enable connecting dc systems or interfacing the electric grid with other
energy grids. A solution, which provides hybrid and multimodal connectivity and possible control
of the power ow, is the Solid State Transformer (SST), which is based on power electronic
converters and a medium frequency transformer for galvanic isolation [6]. Unfortunately, the
SST has not achieved market breakthrough even in traction and ships, where it offers reduced
space requirements and higher ef®ciency compared to the low frequency transformer [7].

On the contrary, the application of the SST in the distribution system would be justi®ed and
its higher cost paid by functionality so that it is more suited to de®ne it Smart Transformer
(ST) to highlight these dominant 2software® aspects while the main 2hardware® requirement is
to allow a connection points of hybrid distribution networks among dc and dc distribution. As
a consequence, an ST is an SST with available dc-link connectivity (so minimum two-stages)
and signi®cant exibility in managing its ac and dc connection points, which calls for advanced
identi®cation and control algorithms [8].

However, this ST has to compete with the traditional transformer not only in the ®eld of

functionality, but also in the ®eld of ef®ciency and reliability. In the ®eld of reliability, the



traditional transformer is hard to outperform, because its lifetime is in the range of several decades
with low maintenance effort, a target hardly achievable with today's power semiconductor
technology. Also the ef®ciency of the traditional transformer is expected to be higher than that
of an SST, especially, in a three-stages architecture [9]. The target of achieving high ef®ciency
while preserving dc connectivity is addressed with a modular design of the ST by using power
semiconductors rated for lower voltage and current [8].

In the current design of modular power converter architectures, the power electronic cells form-
ing the converter are usually equally loaded. Activating/deactivating can be applied to increase
the ef®ciency of the system [10], but may lead to higher stress because of the activation and
deactivation process [8]. A software-based opportunity to reduce the stress of power converters
has been proposed by industry: active thermal control. It has been applied to regulate thermal
cycling during high torque and low speed of drives to prevent a failure of the system [11].

Modular architectures can handle cell failures, especially if redundancy is present [12]. How-
ever, a series device for the electric grid, like the ST, which can process the full power going to
the consumers shall be designed to to have the highest possible availability. HVDC for example
requires an availability 0P9 % [13]. As a consequence, avoiding failures is one of the main
targets of such systems.

Previous studies based on ®eld data about failures in wind and photovoltaic systems did show
that the power modules and the capacitors are the components most prone to fail [14]. Different
components are subjected to different failure mechanisms that in some cases depend on the
processed power and in other do not [15]. It is reasonable that once one cell of a modular
architecture fails, independently from which component did fail, the cell is sent to maintenance
and replaced. The same cell is repaired and becomes again available on the stock of replacement
units (Fig. 1). This means that a modular converter is by nature a system made by differently
aged cells.

This work introduces the concept of power routing in modular STs to implement active thermal
control through an uneven loading of the cells of the modular architecture. The aim is to avoid
or delay as much as possible the failures dependent on the processed power of the cell, shifting
the load from the cells, whose components are older, as shown in the Fig. 1.

The article presents the power routing concept and discusses with experimental test results
made on three different prototypes (includin@&35 % peak ef®ciency SiC-based dc/dc con-

verter) how the power routing can in uence the ef®ciency, since this is typically the most known
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Fig. 1. Concept of a repairable system in operation: Commissioning with new cells and different
wear out due to different aging, replacement and repair of the cells. The resultant different aging

condition of each cell in the system are indicated with gray color.

drawback of active thermal control [16]. At the end, a study case shows how the proposed
approach can work in a real system and which could be the actual bene®ts in terms of minor

consumed lifetime of the mostly aged cells.

II. FROM SSTTO ST

The concept of a Solid State Transformer (SST) was ®rst introduced in 1968 by McMurray,
who proposed a device based on solid-state switches with high-frequency (HF) isolation, which
behaved like a traditional transformer. Since then, the SST concept has been re®ned by new
opportunities, offered by new technologies and application requirements. Considering different
possible application ®elds, the SST has high potential to be used in electric distribution, as the
enabling technology for smart grid functionality. In this application ®eld, the SST is supposed
to replace the standard low frequency transformer (LFT), connecting the medium-voltage (MV)
grid to the low-voltage (LV) grid, enabling DC connectivity and offering services to both LV
and MV grids. The services requirement, together with the need for control and communication
functions make this device a smart SST, leading to a new concept: the Smart Transformer (ST).

Mainly due to the power electronics and semiconductors technology evolution, new ST imple-

mentation possibilities have been proposed and classi®ed in literature. Fig. 2 presents an overview
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Fig. 2: The classi®cation of the SST architecture according to the number of power conversions

and modularity.

of the possible architectures, where the three-stage con®guration enables dc-link connectivity and
also guarantees input/output decoupling of voltages/currents, providing more degrees of freedom
to the system control. Hence, it is the preferred candidate for an ST [8].

The next choice in terms of architecture is the degree of modularity. Modular architectures
consist of several cells rated for low voltage or low current, which are used as building blocks
for the entire system.

In contrast to this, a non-modular system is based on a single power converter, usually taking
advantage of high-voltage wide-bandgap semiconductors [17], [18]. To handle the MV level
involved in the power converter, special devices with high voltage capability, such as 10kV SiC
Mosfet [18] or 15 kV SiC Mosfet [17], need to be employed. Since these devices are still not
available on the market (only for the research purpose), there is no available product using this
technology. A standard approach to handle the MV in a non-modular solution, which is used
in industrial applications, is to use series connection of semiconductors. However, it demands
additional control effort to balance the voltage among the semiconductors.

The non-modular architectures have the advantage of using a small number of semiconductors,
drivers, and sensors, as well as a single transformer, leading to a lower number of possibly faulty
components. On the other hand, modular architectures bring several advantages to power and
voltage scalability, maintenance and the implementation of fault-tolerance strategies [19]. In
comparison to the non-modular architecture, the modular one has reduced EMI emission (due to
the low dv=dt and di=dt) and the possibility to use standard low voltage rating devices, which

present good performance, leading to a highly ef®cient system [20], [21].
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Fig. 3: Three-stage modular architecture of the ST and possible power converters used to
implement each of them.

The semi-modular architecture is another concept to consider, where the basic cell is more
complex than the modular case. An example of a semi-modular architecture is a structure using
multiple active bridges connected to a multi-winding transformer. This kind of architecture has
the same advantages of a full modular con®guration but requires a lower number of transformers.

Fig. 3 shows the three-stages ST implementation, providing an overview of possible modular

topologies that can be used and the possible basic cells for the DC/DC stage.

[Il. CELLS LOADING IN A MODULAR SYSTEM: IMPACT ON EFFICIENCY AND LIFETIME

The system ef®ciency is the biggest concern in the design of modular architectures and this
parameter is dependent on the single converter ef®ciency. For the maximization of the ef®ciency
of the single cell, many design optimization methods have been discussed in literature, which
consider the semiconductors technology, the modulation or reactive elements as the main input

parameters [22]. In a system level view, on the other hand, one more aspect can be used to



optimize the overall ef®ciency of the system: the operation point of the individual cell with
respect to the system behavior.

Fig. 4 shows a typical ef®ciency curve of a system composed of three parallel connected
cells N = 3), the ef®ciency curve of the single ceN (= 1) and when two cellsN = 2) are
operating. As it can be observed in this ®gure, the ef®ciency of a single cell in light load is
much higher when a single converter is operating instead of all three converters. This shows that,
depending on the operation point, deactivating converters can bring bene®ts to the overall system
ef®ciency. This operation method based on activation or deactivation of cells was introduced in
[10], as a solution to improve the system ef®ciency in light load. Currently, this concept is
known as phase-shedding technique and it is commonly used in systems based on interleaved
converter (either dc-dc or dc-ac/dc-ac). In the following, to do not create confusion, with the use
of 2Phase® for multi-phase ac systems @2Phase shedding® is indicated as activation/deactivation
method.

Although the concept of unloading cells can bring advantages to the system in terms of
ef®ciency, it might have negative impact on other parameters of the converter or the system. As
an example, in a system based on activation/deactivation method operating in light load, a single
cell will be active and therefore the output current ripple will be higher (when compared to three
operating cells), introducing higher stress in the output capacitors. This example already shows

that the process of activating/deactivating cells puts ef®ciency and power quality coherent stress
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Fig. 4: Example of ef®ciency improvement in light load, when the phase-shedding concept is

used.



in contrast. Besides that, the system can operate in a non-optimum ef®ciency point, if another
parameter (e.g. temperature or lifetime) needs to be optimized.

The differences among the proposed approaches are reported in Tab. I.

Ef®ciency opti-| Active thermal| Implementation | Power quality
mization control potential | effort
Balanced power No No Simple Good
Activation/Deactivation| Strong Low Simple Reduced
Power routing Weak High Complex Good

TABLE I: Comparison of strategies to control the power in modular systems.

In the reliability assessment, it is mandatory to use a physics of failure approach, which takes
into account the real operating conditions and the loading of the devices, referred to as mission
pro®le [8]. Applying physics of failure to the power electronics converter led to the ®nding that
power semiconductors and capacitors are among the most fragile components [23]. For these
components, the relevant failure mechanisms are known. In power electronic modules, which
are commonly used to increase the power density, thermal cycling is affecting the failures [24].
The failure mechanism is caused by cooling down and heating up, which is causing mechanical
stress between layers with different coef®cients of thermal expansion. For instance, the lifetime
of the power semiconductors is given by the manufacturer in the number of cycles with a
certain magnitude as shown in Fig. 5 (a). For this reason, the reliability is investigated in terms
of thermal stress on the components for different load variations. The lifetime is related to the
number of thermal cycles to failurdf) with exponential in uence of the magnitudeT and
the average junction temperature during the cy@le.dan ). In particular, the average junction
temperature represents the classical approach of thermally activated creep, modeled with the
Arrhenius equation based on an activation energy [25]

It needs to be pointed out, that in real applications, the thermal cycles are distributed with
different magnitudes and different average junction temperatures, which do not make these power
cycling curves directly applicable. In order to overcome this problem, the damage is usually
linearly accumulated as expressed with the Palmgreen Miner rule [16].

Based on this knowledge, it is possible to analyze the effect of a thermal design on the lifetime
of the system. In general, the design for a high maximum junction temperature is limiting the

lifetime, while a design for a very low junction temperature might change the dominant failure
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Fig. 5: (a) Relation between thermal swing and cycles to failure [26], (b) effect of unbalanced
loading on the power cycling capability of the system, (c) simpli®ed relation between power

imbalance and lifetime.

mechanism or even let another component fail before. The system design for a maximum junction
temperature T =60 K is shown in Fig. 5 (b) and corresponds to the design for a maximum
junction temperature ofjmax = 90 C under the assumption of an ambient temperature of

T, =30 C. The design for a lower junction temperature decreases the maximum thermal swing
and the average junction temperature during this swing. In order to extend the analysis for
modular systems with redundant power paths, a similar design of the modular cells is assumed.
Assuming that the losses are mostly related to the processed power, the effect of asymmetrical
loading on the lifetime of the system is investigated using the accumulated damage approach, by
means of the Palmgreen Miner rule [16]. A reduction of the power in the cell results in lower
thermal cycles and thus the detected thermal cyclesre shifted in lower stress ranges. An
increase in the power instead shifts the cydet® higher stress ranges. This effect is illustrated

in Fig. 5 (c). Here, the effect of loading two parallel converters with equal and unequal power
is shown. For the equal loading of the converters, both undergo the same thermal swing as it
was shown in Fig. 5 (b) and result in similar lifetime consumption. It is demonstrated, that an
unbalanced loading witB0% : 70%leads to a signi®cant increase of the lifetime of the lightly
loaded cell and a decrease of the highly loaded one. Consequently, this example shows that it

is possible to in uence the lifetime of the modular system by controlling the power processed



by the individual cells. It is important to note that the lifetime also depends on many others
components (e.g. capacitors) and their related failure mechanisms. Since the aim of this example
is to demonstrate the in uence of unequal power sharing of the modules on the system's lifetime,

the others failures and their mechanisms are not investigated.

IV. POWERROUTING

As pointed out in the previous section, activating/deactivating cells in a modular structure
is bene®cial for ef®ciency, but detrimental to the reliability of the system. Instead of activat-
ing/deactivating cells, routing the power while having all of them active as differentiated in Fig.
6, offers more freedom in the optimization of the con icting goals to maximize the ef®ciency
and lifetime.

Fig. 7 shows a modular system based on three cells, wbgre, and p; are the power
processed by the cells 1, 2 and 3 respectively. The total power is givgn byp; + p2 + ps.

In a standard operation scheme, the cells process the same amount of power and therefore
p1 = p2 = ps. Power routing is the optimization technique where each cell processes a speci®ed
amount of power with the aim of improving the system's ef®ciency and reliability. The result
can bep; 6 p, 6 ps.

The cells can be connected in series, parallel or even a mix of both. In the series connection,
the cells share the same currept as illustrated in Fig. 7 (b), but each cell has the degree of
freedom to control its output voltage, de®ned\hy Vv, andvs. Since the power of a generic
cell k is given bypx = wit (wherek = f1;2;3g), the power of the individual cell can be
controlled by changing the output voltage of the cell. Likewise, in the parallel con®guration,

the cells share the same voltage, as illustrated in Fig. 7 (c), but each cell has the degree of
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Fig. 7: Power routing concept and possibilities to implement a modular system: (a) power routing
concept in a modular system. (b) Series connection of cells, where the cell voltage is used to
control the power (c) parallel connection of the cells, where the current is used to control the

power and (d) combintation of parallel and series connected cells.

freedom to control its output current, de®nedibyi, andis. In that case, the parameter used
to control the power of the cells is the current instead of the voltage.

Finally, both previously described connections can be combined in a series/parallel con®gu-
ration, as depicted in Fig. 7 (d), where the cells share the total voltage and the current of the
system. In that con®guration, they have the degree of freedom to control the power through the
current or the voltage control.

Comparing the con®gurations, in the series approach, the semiconductors may need to be
overrated in term of blocking voltage capability, because one cell will have higher output
voltage, and consequently higher dc voltage may be needed. The overrating of the semiconductors
blocking voltage leads to a negative impact on the cost and ef®ciency of the converter, since the
semiconductor's price and conduction losses are related to the voltage rating of the device.

As an example, a system based on three cells connected in parallel is shown in Fig 8 (a). In
that system, each cell has an expected remaining lifetime de®negd by and ; for the cells
1, 2 and 3, respectively. The remaining lifetime for the cell 1 is lower than the other cells and
once the end of life for the cell it is reached, the entire system will fail. Therefore, to extended
the expected lifetime of the entire system, it is necessary to increase the lifetime of cell 1. One
strategy to increase the lifetime of the power cells is to reduce the operation temperature of the
cells, since the temperature and lifetime are directly related [27]. This example is illustrated in

Fig. 8 (b), where in the ®rst moment all cells process the same amount of power, resulting in
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lifetime graphic showing the impact of the power routing on the system's lifetime.

similar operation temperature, but the cell 1 has a reduced lifetime. With the power routing, the
power processed by the cell i,f can be reduced in order to reduce its temperature, as shown

in Fig. 8 (b). As a result, the expected lifetime of the cell 1 and, consequently, the lifetime of
the entire system is increased. Of course, the power processed by the cells 2 and 3 will increase,
as well as the temperature in these cells. Although the expected lifetime of the cell 2 and 3
are slightly reduced, the system lifetime is increased. Thus, this example has shown that it is
possible to delay the time to the next failure and therefore improve the availability of the system.

It can be stated that the aim of the power routing is to extend the lifetime of the converter,
delaying the maintenance. However, the system should also be protected from random failures,
that cannot be predicted by the actual prognostic systems. For this reason, fault tolerant techniques
must be implemented [28] and additional hardware should be installed. Different approaches
can be pursued, depending on the level at which the redundant components are located (switch,
leg, module and system level). It is opinion of the authors that, considering the high level of
modularity envisaged for the system, the best approach is to install additional cells (module-level
redundancy). In this case, the actual installed power is greater than the rated one, meaning that
the power routing can be applied even at full load, when the temperature of the modules and
the stress on the semiconductor is higher. Therefore, the redundancy allows at the same time
to protect the converter from random failures and to enable the power routing capability at full

load.
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V. EFFICIENCY IMPACT OF POWER ROUTING

Fig. 9 (b) shows a modular architecture of the ST based on the CHB converter connected to a
quadruple-active-bridge (QAB) DC/DC converter. The CHB controls the input power to ensure
a high power factor and also provides services, such as reactive power control. Meanwhile, the
QAB converter is responsible to ensure the isolation required in this application and to control
the LVDC voltage. As it can be observed, the third stage is not considered in Fig. 9 (b), since
it is not relevant for the discussion in this section. The behavior of the QAB converter was
experimentally evaluated, in order to verify if the uneven loading leads to a reduction of the
overall system ef®ciency. Thus, the system was ®rst evaluated for balanced condition and then
for unbalanced power among the cells, with the aim to show the power routing effect on the
system ef®ciency. As a matter of demonstration, the tests were obtained with ac volg3fe of
V, low voltage dc-link of200V, and the power level ol:5 kW. The cooling system is based
on natural convection, so that the thermal resistance remained constant regardless the power
processed by the modules.

For the CHB, the losses behavior according to the unbalanced power is observed in Fig. 9
(a). Of course, the losses increase for the overloaded cell, while they decrease for the unloaded
cell. However, the overall losses remain basically constant, once the variation i6:0htg for
a unbalanced condition of P = 40% (i.e. P, = P, = 1:4P and P3; = 0:2P). Therefore, the
impact of power routing on the CHB converter's ef®ciency is irrelevant and then it can be used

for lifetime optimization without ef®ciency deterioration. For the QAB converter, the normalized

700 T |/lma o—| ) Bou=Pr+Py+Ps | A 1.0 } \ ;
I —— Mnom P L L " § balanced power
~ An = 0.019,0m . [Imin g _1> - = 0.997 — Pi=P=P |
= ///mn.z) g l . Ll\_/ . = ‘ '
5 P 5 ¢ link: : &0 995
f . \ (tatal) mcu o
P SINE II‘ LR L= £
0 2 : ; 0.993
) . X N\ 2 > : I 5}
Z N BeaGers) 2 g b .
| 3 = E N 0.991 unbalanced power
P = E Py =50%P R
Py== _9AP = ER g Y B o o5
g0l [ s B L|= L ] 2 0.989 k8
1 1.1 1.2 1.3 1.4 5 i - 0.5 0.625 0.75 0.875 1.0
Unbalanced power (AP) ° QAB Normalized power (P/P,.)
(a) i R L) 2 ©

Fig. 9: Main results of the power routing effect on the ST: (a) impact of the power routing on
the losses and ef®ciency of the CHB converter, (b) basic ST architecture used as an example for

the power routing concept application and (c) impact on the QAB converter.
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ef®ciency curve is presented in Fig. 9 (c), for balanced condition and also for unbalanced

condition of P = P, = 25%P and P; = 50%P. From these results, it can be noticed that

the normalized ef®ciency of the QAB converter is only slightly reduced for high power transfer,

while for lower power transfer, the difference in the ef®ciency is even lower.

As a conclusion, for the structure presented in Fig. 9 (c), the unbalanced power processing

approach has not much effect in the overall ef®ciency of the ST; hence the power routing concept

can be applied to maximize reliability without ef®ciency deterioration. For the maximization of

the reliability, a prognostic algorithm must be used, in order to identify the aged cells and

consequently reduced the power processed by them, extending their lifetime.

An alternative to the semi-modular architecture is to use a completely modular architecture,

in which the QAB converter can be replaced by isolated converters attached to each CHB cell,

composing therefore the dc-dc stage. An option already presented in Fig. 3 is to use the series-

resonant converter, that can obtain high ef®ciency. In order to evaluate the bene®ts that the series-

resonant converter can bring to the ST in term of ef®ciency, a dc-dc converter has been optimally

designed and its ef®ciency limit was evaluated. The converter's topology, prototype speci®cation

and the picture of the developed prototype are presented in Fig 10. For the semiconductors,
Silicon Carbide (SiC) MOSFETs with very low on resistan&g4 o)) have been used. Three

converters with parallel connected output ports were tested in the system, as illustrated on the

scheme presented in Fig. 3 (b). The ef®ciency curve obtained experimentally is illustrated in Fig

10 (c). The maximum ef®ciency #8.35% at approximatelydkW output power.
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