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Abstract— This paper proposes a Flyback-based Input-Series 

Output-Parallel (ISOP) Auxiliary Power Supply (APS), intended 
to feed the control system of the cells of a Solid-State Transformer 
(SST). The SST topology is based on a modular Multiport 
Multilevel Converter (MMC). Energization of the cells auxiliary 
circuitry is not trivial due to the high voltages involved (tens of kV 
for the electric power distribution system), most of the 
commercially available control and driving circuitry not being 
usable due to the isolation requirements. It is possible to energize 
the control circuitry from an APS, connected to the cell capacitor 
voltage. However, in the SST under consideration, cells target DC 
voltage is in the range of 1.5kV to 2.5kV. Design of an APS capable 
of feeding the auxiliary circuitry from such high voltage and the 
required isolation is not trivial. A modular APS using autonomous 
Flyback converters in Continuous Conduction Mode (CCM) and 
based on commercial AC adapters is proposed in this paper. The 
solution is scalable and therefore applicable to cells with larger DC 
voltages. 
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I.  INTRODUCTION 

Distributed generation has become a necessity due to many 
economic, environmental and technical reasons. With the 
increasing energy demand worldwide, energy efficiency has 
become a crucial consideration, the term “Microgrid” has 
become very common and the increasing energy demand is 
intended to be fed by distributed energy resources such as wind 
and solar installations [1]. The need for bidirectional as well as 
high-voltage and high-power conversion applications are 
growing fast to interconnect these new grids with the main grid 
and increase their reliability leading to the emergence of Flexible 
AC Transmission Systems (FACTS), High-Voltage DC 
(HVDC) and Solid-State Transformer (SST). 

Conventional Line-Frequency Transformers (LFT) are a key 
element in the transmission system. While they are cheap and a 
reliable and a well-established technology, they have limitations 
regarding functionalities demanded by the power system 
operator, such as harmonics, reactive power and imbalances 
compensation, and power flow control. Also, their efficiency 
can be compromised when operating with low load levels. Solid 
State Transformers (SSTs) are envisioned as semiconductor 
based alternative to LFT. SSTs use power converters with fast 
switching devices, enabling a significant reduction of the 
volume and weight of the core material. Additionally, they are 
able to provide advanced functionalities such as power flow  

control, as well as reactive power, harmonics and imbalances 
compensation [2]-[5]. Generally speaking, the SST is expected 
to beat the LFT in terms of power density and much superior 
functionalities, but it would be inferior in terms of cost, 
efficiency (full load) and reliability. 

The concept of SST has been discussed since 1970 [6]. The 
SST topology derived from a Multiport Multilevel Converter 
(MMC) has drawn great attention in the SST research field [7]. 
The connection of a Dual Active Bridge (DAB) [8]-[11] to each 
cell capacitor of the MMC provides the capability to transfer 
power between the primary and the secondary with galvanic 
isolation [12], [13]. A simplified diagram of the MMC based 
SST topology is shown in Fig. 1. 

An Auxiliary Power Supply (APS) providing a low-voltage 
(i.e. 24/15/12V) and low power (in the range of 30-50W) is 
necessary to feed the control circuitry of each cell (including 
DAB and MMC cells). Although the proposed APS is intended 
to feed the control circuitry of a SST, it could be also applied in 
different modular multilevel topologies. 

Actual DC bus voltage of multilevel converters is in the 
range of 800V-1.5kV, mainly due to the maximum voltage 
withstood by the switches available in the market (Silicon 
IGBTs or even SiC MOSFETs). However, recent developments 
of 10-15kV SiC MOSFETs and IGBTs have enhanced the scope 
of dc bus voltages of 7kV and above [14]. In order to address the 
increase of the voltage in DC links, a modular APS is proposed 
in this paper. Thanks to the modularity, the APS can be used in 
cells with high voltage DC links by increasing the number of 
modules. 

The main requirements of the APS for the modular 
multilevel topologies can be summarized in two: 

 - On one hand, isolation between primary and 
secondary of the APS is needed. Moreover, the input of the APS 
is the DC bus voltage of the cell, usually over 1kV and probably 
higher in the future. Due to the high input voltage of the DC bus, 
in addition to the high isolation required, the conversion ratio of 
the APS is also very high, usually higher than 100. 

 - On the other hand, the DC bus voltage of each cell is 
not referred to ground. The DC link of several cells can be 
dozens of kV over the global reference. Consequently, the 
control circuitry of all the stacked MMC-DAB cells cannot be 
connected to the same DC voltage supply, due to very high 
isolation requirements, as a relatively large number of cells need 
to be piled-up to provide the required HV AC side voltage. 
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Fig. 1. (a) Representation of the proposed SST topology. (b) MMC 
cell and DAB for each cell of the MMC-based SST. Cell capacitor voltage 

(vcell) is used to feed the proposed APS. 

As an example, the particular application of a SST 
connecting two AC grids of 24kV and 400V respectively is 
analyzed in this paper (one of the configurations being 
considered within the SPEED project [15]). A cell voltage vcell = 
1.4kV was selected, which is equal to the DAB voltage in the 
HV side and the input voltage of the APS proposed in this paper. 
The DC link voltage in the LV side is 750V. The DABs are 
designed for rated power of 10kW. Commercially available 
APSs do not provide the required isolation for this kind of 
application. The solution proposed in this paper integrates a 
modular APS in each MMC-DAB cell. A modular Input-Series 
Output-Parallel (ISOP) structure based on a Flyback topology 
was chosen to accomplish with the HV at its input and low 
output power requirements [16]. 

This paper is organized as follows. In Section I, the main 
application and requirements of the APS under development has 
been mentioned. In Section II, the analytical equations of the 
proposed Flyback-Based Modular ISOP converter are stated and 
simulation results are presented. In Section III, experimental 
results using two different prototypes are shown. Finally, 
conclusions are drawn in Section IV. 

II. ANALYSIS OF THE FLYBACK-BASED MODULAR ISOP 

CONVERTER 

To feed the control circuitry of each cell (including DAB and 
MMC cells) of a SST topology fulfilling the previously detailed 
isolation requirements, an APS providing a low voltage and low 
output power from the cell capacitor voltage (vcell) is proposed. 

Different solutions are proposed in the literature. For 
example, two quite expensive and complex methods are 
provided for auxiliary power supply for SST in [17]. Also, 
resonant topologies, as series half bridge structure, and three-
level structure are analyzed in [18] and [19], but they are limited 
when the DC bus voltage and consequently their input voltage is 
increased. To get over the actual increase in the DC bus voltage 
level, ISOP structures are evaluated in [20], which can be used 
for very high voltage thanks to the possibility of increasing the 
number of modules connected in series in the input.  

In this paper, an autonomous, simple and cheap Flyback-
based ISOP converter is proposed and analyzed. The maximum 
input voltage of the converter can be easily increased, using 
Flyback converters, thanks to their autonomy. In Section III two 
different prototypes are proposed to validate the modular 
concept. Four Flybacks converters connecting their inputs in 
series and their outputs in parallel (ISOP configuration) 
compose the definitive APS prototype intended to feed the 
control circuitry of the SST. This configuration is used as an 
example to validate the proper operation of the proposed 
structure with an input voltage of 1400V (the voltage at the 
MMC cell, vcell) and an output voltage of 15V. It is important to 
say that each Flyback operates in open loop configuration. All 
the simulation and analytical results presented in this section 
have been obtained using the configuration and specifications 
previously mentioned. 

The main challenge faced by the ISOP configuration is to 
achieve a balanced Input Voltage Sharing (IVS) and Output 
Current Sharing (OCS). Flyback converters are proposed for 
each module because they are cheap, reliable, use a simple 
topology, provide galvanic isolation and have a high conversion 
ratio. In fact, low power commercial AC/DC adapters available 
on large scale can be adjusted to meet the requirements. To avoid 
additional control circuitry (mainly the feedback loop) and to 
obtain a load-independent output voltage, open loop and CCM 
operation are selected. The unregulated output voltage will be 
determined by a fixed duty cycle, the turn ratio of the 
transformer and the input voltage. 

Analytical study of the converter topology to proof the IVS 
and OCS concept will be performed. Simulations of the 
switching and averaged model (Fig. 2) also will be performed to 
confirm the correctness of the model. 

A. Analytical expressions of the Flyback-based ISOP 
converter 

Traditionally, in an ISOP configuration with paralleled 
outputs, Discontinuous Conduction Mode (DCM) operation is 
preferred, as in this mode of operation the converter works as a 
current source and it is easy to parallelize their outputs [21], [22]. 
The main disadvantage of the DCM is that the ratio between 
input and output voltage depends on the load. In addition, rms 
currents and conduction losses are higher. On the other hand, 



with CCM, the output voltage of a Flyback is constant for a 
given input voltage and a duty cycle, allowing open loop 
operation if the input voltage is controlled (as a theoretical DC 
transformer, i.e. a DCX). 

To validate the operation of Flyback modules in CCM in an 
ISOP configuration and an acceptable IVS and OCS, the input 
voltage and output current equations are analyzed. Since the 
average inductor voltage over one switching cycle should be 
zero [23], the input voltage is given by: = · ·( )

,  (1)  

 

 
(a) 
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Fig. 2. Simulation models: (a) switching and (b) averaged. 

being n the transformer turns ratio, Vin the input voltage, Vout the 
output voltage and d the duty cycle. Generalizing the equation 
for the ISOP topology, where the output voltage is the same in 
all converters, and using i as the number of the module, the input 
voltage of each module is given by: = · ·( )

. (2)  

To estimate the input voltage of each converter in an ISOP 
configuration it is useful to define the parameter Ni (used as a 
figure of merit to validate IVS and OCS), given by: = ·( ). (3)  

Using (3) in (2), the input voltage can be calculated by: = . (4)  

The output current of each Flyback converter is given by: = (1 − ) , (5)  
being ILi the average current through the Flyback’s magnetizing 
inductance. Due to the ISOP configuration, and considering zero 
the average current through each input capacitor over one 
switching cycle, the input current of the ISOP converter is the 
input current of each Flyback converter, =	 . The average 
current through each magnetizing inductance can be obtained 
by: = . (6)  

Assuming there are no converter losses =	 , the 
input current can be written as: = , 

(7)  

where R is the value of the load. 

Finally, the output current of each module can be defined by: = · ·( )· · . (8)  

It is important to say that commercial transformers can 
guarantee similar turn ratio (n) in all the Flyback converters with 
an acceptable tolerance (±10% for resistance and inductance 
values and ±1-2% for turn ratio [24]). Consequently, taking into 
account (2) and (8) both depending on di and ni, IVS and OCS 
can be easily achieved by only controlling di. 

B. Simulation results (switching and averaged model) 

Switching and averaged models of the Flyback-based ISOP 
configuration converter have been simulated using LTSpice 
(Fig. 2). TABLE I shows the main specifications of the Flyback 
converters that composes the ISOP converter used for the 
simulations. These specifications match with the scenario 
previously mentioned (i.e. SPEED project). It is seen that some 
dispersion among converters (based on the differences observed 
in the developed prototypes that will be described in Section 
III.A) has been included. The value of the parameter N 
(determine by d and n) is also included. The similarity of Ni in 
all the Flyback converters determines the proper IVS and OCS. 

TABLE II shows the results obtained using the switching 
and averaged simulation (Fig. 3) and the analytical model. Good 
agreement between simulation and analytical results and good 
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OCS and IVS exist. Some differences arise between simulations 
and results because model of components closer to real behavior 
have been used in the switching simulation, while in the average 
simulation all the components are ideal. As can be seen the input 
voltage in Flyback 3 is considerably lower, mainly due to its 
higher value of N. In Section III, TABLE IV shows that Flyback 
3 also gives the highest experimental output voltage (as can be 
predicted using (4)). 

TABLE I. SPECIFICATIONS OF THE CUSTOMIZED FLYBACK CONVERTERS 
THAT COMPOSE THE ISOP CONFIGURATION 

Flyback 1 2 3 4 

L (mH) 20.838 20.28 25.503 21.195 

d 0.295 0.296 0.312 0.297 

n 9.89 9.88 10.31 9.84 

N 0.0423 0.0425 0.044 0.0429 

fsw (kHz) 100 100 100 100 
 

Fig. 3. Switching and averaged simulation models results. 

 

TABLE II. SIMULATION AND ANALITICAL MODELS RESULTS 

Common specifications 

Vin (V) 1400 R (Ω) 6 

Switching model results 

Iin (mA) 30.5 Pin(W) 42.7 

Vout (V) 15.04 Pout(W) 37.69 

Flyback  1 2 3 4 

Vin (V) 354.17 353.96 340.59 351.28 

Iout (A) 0.635 0.634 0.607 0.630 

Averaged model results 

Iin (mA) 26.9 Pin(W) 37.66 

Vout (V) 15.03 Pout(W) 37.64 

Flyback  1 2 3 4 

Vin (V) 355.19 353.13 341.66 350.02 

Iout (A) 0.635 0.632 0.611 0.626 

Analytical model results 

Vin (V) 355.38 353.34 341.57 350.24 

Iout (A) 0.636 0.632 0.611 0.627 

III. EXPERIMENTAL PROTYPES AND EXPERIMENTAL RESULTS 

To develop the Flyback-based ISOP configuration converter 
two different approach have been developed in order to 
demonstrate that this idea is easily implemented on 
commercially available structures that can be modified without 
difficulty as they are well known. 

On one hand, a commercial AC adapter is used to obtain 
individual Flyback converters. These AC adapters usually 
include Flyback converters working in DCM and closed loop, 
and consequently some modifications have been introduced to 
achieve the open loop operation mode in CCM. As an example, 
three of these converters are used to obtain a Flyback-based 
ISOP converter with an input voltage (Vin) of 600V. This value 
was selected because each of the three converters were modified 
to work in open loop in CCM with an input voltage of 200V 
each. 

On the other hand, customized Flyback converters have been 
developed, mainly to increase the input voltage of each 
individual Flyback (Vini) and their range of operation in CCM. 
With four of these customized converters, a 1500V input voltage 
Flyback-based ISOP converter is developed and tested. 

Obviously, in both cases, thanks to the autonomy of each 
Flyback converter, Vin can be easily increased by connecting 
more Flyback converters. 

A. Using a modified commercial AC adapter  

1) Individual Flyback converter 

Initially, individual Flyback converters were obtained by 
introducing some modifications to a commercial AC adapter 
with an integrated current mode PWM control IC (OB2236). 
The input rectifier was removed, being the DC input voltage 
directly applied to the input capacitor. The OB2236 IC is self-
powered from its input voltage (Vini). The closed loop circuitry 
used to regulate the output voltage of the AC adapter is removed 
and the converter is controlled in open loop applying a constant 
voltage to the feedback input pin of the IC. The operation in 
CCM is obtained by increasing the switching frequency. 

The specified commercial AC adapter (Fig. 4) is selected to 
guarantee similar performance among them, however some 
differences exists due to the tolerances in the manufacturing 
process. The input voltage of each Flyback was limited to 200V 
because the converter is not optimized for the selected switching 
frequency and the aim is not entering in DCM. 

2) Flyback-based ISOP converter 

A 50W prototype has been built using three Flyback 
converters. As has been previously mentioned, the total input 
voltage is 600V. Fig. 5 shows the experimental waveforms of 
the total input voltage (Vin) and the input voltage distribution in 
each Flyback converter (Vini). TABLE III shows the input 
voltage and output current distribution. It is seen that the input 
voltage and the output current of Flyback 1 are considerably 
lower due to its lower turn ratio, which implies a higher value of 
Ni. The experimental results are in good agreement with the 
analytical and simulation results. The small differences are 
mainly due to the low efficiency (<75%) of each Flyback 
converter. 



Fig. 4. Commercial Flyback adapted for the ISOP modular converter. 

 

 

Fig. 5. Experimental waveforms of the input voltage distribution. 

 

TABLE III. IVS AND OCS EXPERIMENTAL AND ANALYTICAL RESULTS 
WITH THREE OF THE MODIFIED AC ADAPTERS 

Iin (A) 0.127 Pin(W) 76.2 

Vout (V) 12.8 Pout(W) 49.65 

Flyback  1 2 3 

Vin (V) 181 208 211 

Iout (A) 1.14 1.34 1.4 

Analytical model results 

Vin (V) 190.87 203.19 206.06 

Iout (A) 1.40 1.49 1.51 

 

B. Using customized Flyback converters 

1) Individual Flyback converter 

As mentioned before, in order to increase the input voltage 
of each individual Flyback and to increase the range of operation 
in CCM, also four customized Flyback converters have been 
developed (Fig. 6 shows one of the four customized Flyback).  

One of the key points taken into account during the design 
was achieving a low cost manufacturing prototype, since this is 
the goal of any commercial APS. In fact, the estimated price of 
each of the proposed prototypes (considering materials and 
PCB) is below $5. 

Fig. 6. Customized Flyback prototype developed for higher input 
voltage 

In this case, the current mode standby PWM control IC 
NCP1271 has been used [25]. This controller allows a fixed-
frequency operation of 100 kHz (with some jittering for EMI 
purposes), as well as, overload, overvoltage, and over-
temperature detection, and high voltage start-up. With this 
controller, a fixed duty cycle (d) can be set, only varying due to 
the tolerances of the components of the device, itself. 

The autonomy of the Flyback converter is mainly provided 
by the in chip startup circuit implemented in the selected IC. 
During startup, the supply voltage is provided by the HV pin. 
This pin is capable of supporting up to 500V, so it can be 
connected directly to the input voltage of each cell of the ISOP 
structure (Vini). This pin connects to a current source that charges 
the decoupling capacitor to its threshold. Once the controller 
turns on, the transformer auxiliary winding delivers the required 
charge to the decoupling capacitor and the startup system is 
turned off. 

In the typical application circuit of the IC NCP1271, the duty 
cycle is usually controlled in closed loop using an optocoupler 
connected to the FB pin. In the proposed prototype, a feedback 
loop is not used. The open loop operation is easily implemented 
connecting a resistor between the FB pin and ground. The value 
of this resistor will directly determine the fixed duty cycle (d). 
However, it is also necessary to remove the sense resistor in 
order to cancel DCM. 

Regarding the switch, a 900V / 4A MOSFET has been 
selected (FQP4N90C of Fairchild [26]). The semiconductor is 
over-dimensioned in order to withstand possible overdumping 
when applying input voltages from up to 450V together with 
duty cycles close to 30%. In commercial AC adapters, also 
similar MOSFETs are used, because no significant differences 
in cost exist compared with lower voltage semiconductors. 

Concerning the transformer, a thorough 3-winding design 
has been put into practice. For a nominal input voltage of 350V, 
output voltage of 15V, a frequency of 100kHz and a duty cycle 
of 30%, the transformer turns ratio must be around 9.9, and the 
magnetizing inductance needed must be bigger than 18mH in 
order to guarantee CCM operation.  



The main effort in the design of the transformer is put in 
increasing the range of CCM operation of the Flyback converter. 
As has been previously mentioned, the CCM operation has to be 
maintained to keep the output voltage constant for a given input 
voltage and a given duty cycle. The transformer has been 
designed to keep the CCM operation for loads as low as 3W. If 
it is needed to guarantee the CCM operation for lower loads, 
even for open circuit operation, a minimum load that ensures a 
consumption of 3W should be used. 

A RM10 and N41 core material were selected, together with 
a six-layer interleaved configuration among windings, to 
achieve a good relation among leakage and magnetizing 
inductances, as well as, low resistance and mutual capacitance 
values, without increasing the size of the component. 

Once each Flyback is developed, they are fully tested to 
validate their proper operation. All the Flyback converters have 
been developed as similar as possible, but due to tolerances in 
the components, especially the IC, some differences in the 
output voltages given by each Flyback is measured. The proper 
IVS and OCS will be mainly determined by the differences in 
the parameter Ni and consequently in the output voltage of each 
Flyback when the same input voltage and output power is 
applied. TABLE IV shows the main parameters of each Flyback 
converter in a given operation point. 

Efficiency is not a key point during the design of the transformer 
or the selection of components of this converter, since power 
losses are trifling compared to the power managed in these kind 
of applications. 

 

TABLE IV. EXPERIMENTAL RESULTS OF EACH CUSTOMIZED FLYBACK 
WORKING INDEPENDENTLY 

Common operation point 

Vin (V) 350  R (Ω) 30 

Particular measurements 

Flyback 1 2 3 4 

Iin (mA) 31 30 33 31 

Vout (V) 15.27 15.17 15.63 15.22 

Iout (A) 0.518 0.515 0.531 0.517 
 

TABLE V. IVS AND OCS EXPERIMENTAL RESULTS WITH FOUR OF THE 
CUSTOMIZED CONVERTERS 

Iin (mA) 36 Pin(W) 50.39 

Vout (V) 14.99 Pout(W) 37.96 

Flyback  1 2 3 4 

Vin (V) 352.2 356.1 338 353.4 

Iout (A) 0.642 0.651 0.6 0.639 
 

1) Flyback-based ISOP converter 

Using four customized Flyback converters a 1500V input 
voltage Flyback-based ISOP converter is developed and tested 
in different operation points (input voltages from 1200V to 

1500V and output power from 35W to 55W). As an example, 
TABLE V shows the input voltage and output current 
distribution operating with an input voltage of 1400V and an 
output power of 38W (these specifications are also used to 
obtain the simulation results show in TABLE II)In Fig. 7 three 
different characteristics of the Flyback-based ISOP converter 
are shown. The startup is captured to verify that there is not 
important overvoltage at the input of each Flyback converter and 
the input current is shared, even when each converter starts up 
and begins to transfer power. In addition, the voltages at the 
input of three of the four Flyback converters, all of them referred 
to the same ground, are shown to check a good IVS. Finally, the 
output voltage is included to validate that it is proportional to the 
input voltage. 

Finally, Fig. 8 shows the voltages at the input of the four 
Flyback converters, all of them referred to the same ground. 

 

Fig. 7. Experimental waveforms during startup: input voltage 
distribution and output voltage. 

 

Fig. 8. Experimental waveforms of the input voltage distribution of the 
four Flyback converters. 



IV. CONCLUSIONS 

An APS intended to feed the cells of a modular SST is 
presented in this paper. The proposed solution uses a modular 
ISOP connection of autonomous Flyback converters operating 
in CCM and in open loop. A modular solution allows the use of 
the APS in cells with high voltage DC links by increasing the 
number of Flyback converters.  

The validation of the proposed topology and control strategy 
has been confirmed by simulation and experimental results. The 
experimental results have been obtained using two different 
approach. On one hand, a modified commercial AC adapter has 
been used to develop the Flyback-based ISOP converter to show 
the flexibility of the topology. On the other hand, a customized 
Flyback converter was designed to perform the final prototype 
of a Flyback-based ISOP converter with an input voltage of 
1400V. It was tested to evaluate the IVS and OCS at high 
voltage. 

It has been shown that, assuming a good similarity between 
all the Flyback converters (mainly in the value of N) that 
compose the ISOP configuration, a proper IVS and OCS can be 
obtained. 
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