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ABSTRACT
This thesis paper presents a smart way to interface a medium voltage grid with
low voltage grid as a response to rapidly growing penetration of distributed Energy
resources (DES) in the power system grid. With renewable energy resources and
distributed storages ever increasing, the complexity to manage loads connected to
either power grid or the distributed resources have to be addressed in efficient manner
and thus the concept of Solid-State Transformer (SST). Added functionalities such as
bidirectional power flow between the grids, end voltage regulation, active and
reactive power compensation, source side voltage sag compensation, etc. have made
the use of SST even more attractive.
Often called power electronics transformer, SST is a three-stage device that
consists of power semiconductor converter and a high frequency transformer used for
interconnection between grids and/or grid and the load. Numerous topologies to
structure the SST configurations have been published in several papers. A concise
literature review of available topologies along with power semiconductor devices that
can be used for development of SST has been carried out in this paper as well.
The primary objective of this thesis has been to design an SST with multilevel
converters that can interface medium and low voltage level with feedback control on
the medium voltage side of the device. The designed SST is simulated in
MATLAB/SIMULINK to verify its operation. The designed is made to interface
7.2KV medium voltage level with 400V low voltage level. The design includes
AC/DC multilevel front-end rectifier, isolated DC/DC converter with bidirectional
power flow and DC/AC inverter.
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CHAPTER I
INTRODUCTION
The complexity in power system networks due to large scale production of
renewable energy generating station has grown tremendously. Solid State
Transformer provides an effective means to overcome such complexity to achieve
efficient grid control. Then importance of distributed energy resources (DER) and
distributed energy storages (DES) can only be emphasized so much not only for
energy development and economic growth of the country but also for the
sustainability. The present scenario of power delivery includes transfer of power from
higher level to lower voltage level through medium voltage connection towards the
consumer side, all carried out in low grid frequency of 60Hz. The power delivery is
unidirectional which means the power only flows out the grid. However, due to
changes in power regulatory legislature, the previously government owned utility grid
has been penetrated by privately run companies and other utilities trying to feed in the
power to the grid [1] for sharing of DER, and as a result a bidirectional power flow
system needs to be realized to achieve the goal of smart grid. To address this necessity
of bidirectional power flow and to tackle the complexity posed by the power
generation sources, novel technology is required.
Besides being able to transfer power in both direction, SST provides flexible
connection between both AC and/or DC load simultaneously, one feature that the
convention transformer-based system does not offer [2]. The availability of DC port
in SST system provides an efficient way for connection between the grid and the DER
and DES. Additionally, the shortcomings of traditional transformers such as large
weight and large volume, lack of end voltage regulation, fault detection and
elimination, lack of power factor improvement, lack of proper control of power flow,
harmonic filtering, power synchronization, voltage sag compensation, etc. can
improved upon through the implementation of SST technology [3]. Furthermore, the
development in the field of power semiconductor device manufacturing has favored
the implementation of SST in practice. The prices for power semiconductor devices
that can handle huge power and operate under large voltage levels are gradually
decreasing and hence is making the realization of smart grid more economical [4].
1
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1.1 Research Statement
Most of the available literature for SST do describe the stages involved in
realizing it, but only superficially. Hence it is needed to have detail documentation of
the control mechanism of different stages which includes AC to DC conversion, DC
to DC conversion and DC to AC conversion. Additionally, a well-known space vector
d-q control for multilevel converter was felt needed to be realized, verified and
documented focusing on single phase rather than for mostly documented three phase
system.

1.2 Research Objective
The main focus of this thesis is to design a switching model of a Solid-State
transformer in MATLAB/SIMULINK, that emphasizes on the PWM control of the
rectifier stage, DC to DC converter stage and the simulation inverter stage with proper
selection of PWM techniques. Additionally, implementation of single-phase d-q
control mechanism for feedback control of the input stage is the secondary objective.

1.3 Research Focus
The following questions can clearly define the scope of this thesis paper.
Defining the scope of the research will help follow the initial direction of research that
the thesis was intended for.

1.3.1 What are the presently available SST topologies?
1.3.2 What are the presently available power semiconductor devices used in the
SST?
1.3.2 What are the PWM control techniques available for control of different SST
stages?
1.3.3 What are the available input stage rectifier converter model to design the
feedback mechanism?
1.3.4 What would the associated waveform look like during the operation of the
SST?

2
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1.4 Overview of the paper
The chapters in this thesis are organized as follows. The first chapter gives a
brief introduction about the solid-state transformer along with the research statement,
objective and focus of the study and presents the overview of the rest of the paper.
The second chapter is going to focus on literature review of the SST technology,
including the available topologies, converters that can be used for different stages, and
PWM control schemes for different SST stages. The third chapter presents designing
of SST parameters for each stage some of them include selection of switching
frequencies, filter components, defining voltage levels, converter configurations, etc.
Fourth chapter will focus on designing the control of the input stage through converter
modeling. The simulation design and results are going to be presented in the fifth
chapter along with some analysis. The final chapter presents the conclusion and
recommendation for the future work.

3
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CHAPTER II
LITERATURE REVIEW ON SOLID STATE TRANSFORMER
A solid-state transformer cannot be considered as a single equipment but a set
of power electronic circuit consisting of a typical front-end rectifier connected to a
medium voltage grid and isolated from the low voltage side and/or load through a
DC/DC converter using a very high frequency transformer. An DC to AC converter at
the load end helps to convert the DC voltage for domestic and commercial supply.
Simply put, SST is a cascaded network of AC to DC converter along with isolated DC
to DC converter followed by DC to AC converter (Figure 2.1). Because of the
increased functionality over traditional transformer-based system, power companies
and research institute such as ASEA Brown Boveri (AAB), General Electric (GE),
Electric Power Research Institute (EPRI), etc. have focused their attention towards
SST [5].

2.1 Background on SST
There has always been a need to transmit power through long distances
because generation and consumption is not always in the same vicinity. This
transmission also requires voltage transformation for power efficiency and economy
of the system. Traditionally, conventional iron core transformers that operate in low
frequency have been in use. Despite the conventional transformer being cheaper and
reliable for power transmission, several shortcomings make the use of conventional
transformer discouraging. Few of the shortcomings include the following [5] [6]:
• As the amount of power transmission increases the volume and weight of the
transformer increases tremendously.
• These low frequency transformers despite being efficient does not eliminate the
harmonics generated by them.
• Unidirectional power flow limits the flexibility of these transformers.
• The need for using liquid oil for cooling purposes also discouragers their use.
• Independent control of active/reactive power is extremely difficult to obtain.
• The probability of improving the power factor of the system is absolutely zero.

4
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• These conventional transformer-based systems have the problem of large voltage
drop under loading and voltage regulation as well.

Figure 2.1 SST structure [7].
Alternatively, a better prospect for such power transmission is given by use of
SST that used power converters and high frequency transformers to transmit power.
SST is not limited to voltage transformation only, but several functionalities that
overcome aforementioned shortcomings of conventional transformer make the use of
SST more attractive. Listed below are some of the key advantages of SST with
respect to low frequency transformers [7][8][9].
• Using a high frequency transformer for isolation results in lower size and volume of
the transformer despite high power transmission.
• Power factor can be controlled to be unity.
• Bidirectional power flow mechanism can be obtained through use of power
electronic converters.
• Fault interruption is much easier to achieve and does not need line commutation.
The interruption of switching of the semiconductor switches can easily interrupt the
fault.
• Voltage regulation and input sag compensation is another added benefit.
• HVDC transmission along with DER and DES integration is one of the most
attractive features of SST. The availability of secondary side low voltage DC link
help facilitate this functionality.

5
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2.2 Recent developments on SST
The concept of SST dates to 1968 when McMurray proposed an electronic
transformer with high frequency AC to AC link [10], followed by a power electronics
transformer proposed by navy researchers from civil engineering laboratory in 1980
in their paper [11]. In the paper, James L. Brooks presented the concept of AC to AC
buck converter using solid state power devices to replace the conventional power
transformers.
North Carolina state university is one of the leading SST developing institute
and have come up with several developments of SST topologies and technologies. A
270 KVA SST based on 10KV SiC MOSFET was designed and simulated in
semiconductor power electronic center in NCSU [12]. The design consisted of Vienna
rectifier topology and a five level D to DC converter for input voltage of 24KV. The
device loss analysis was carried out with 20KHz/270 KW HF transformer. Gen-I SST
was developed in FREEDM system center in NCSU in 2010[13]. It used 6.5 KV SiIGBT for a 20KVA single phase SST. 6.5 KV, 25A H-bridge was used in the high
voltage side whereas 600V IGBT H-bridge was used in the low voltage side and was
interfaced with 12KV distribution system. A switching frequency of 1.2KHz was used
for the cascaded multilevel rectifier stage. The high frequency transformer was
designed using amorphous core. The Gen-I SST prototype measured 72 x 30 x10
inches in size [14]. It could get and output voltage of either 400V DC or/and 240V
AC/ 120V AC. An unconventional approach has been proposed in [15] that features a
20KVA SST using commercially available low voltage MOSFET with input series
output parallel (ISOP) approach for the converter module such that input to each
converter has an voltage of 500 V and 400V of output voltage and is operated at
50KHz switching frequency. The efficiency obtained was around 97.2%. [16] also
presents an ISOP modular configuration of the SST with dual active bridge (DAB)
converters for 7.2KV to 120V 10 KVA SST application using either three 6.5KV SiC
IGBT modules or use twelve of 1200 V SiC IGBT modules to obtain high
performance. The performance of modular dual half bridge converter for DC to DC
operation has been investigated in [17] for the design of 10KVA single phase SST.
50KHz switching frequency was used in the design to obtain an efficiency of 97%.

6
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The system is connected to 7.2 KV utility grid and has an output of 400V Dc and
240V/120V AC.
Additionally, a 3.6 KV to 120V/ 10 KVA SST has been designed and
developed in [18]. The design used three stage SST topology with modular integration
of multilevel converters such that if needed even higher voltages can be obtained. The
converter topology uses a 6.5KV AAB IGBT dual module with antiparallel diodes
configuration. The customized amorphous core was used to design the HF transformer
that saw a 30% reduction in size and weight as compared to use of Metglas AMCC1000 core. A converter efficiency of 92% was obtained without the use of inverter as
compared to 84-88% efficiency with the use of inverters. Furthermore, in 2014 a
3.6KV SST was designed using a 13KV SiC MOSFET and JBS diode with the
capability of getting 400V DC output and 240V or 120 V AC output [19]. [20]
presents the design of 25kW/50KHz SST design of prototype using 10KV SiC
MOSFET with a 400V Dc output. Three 25KW MF transformer were designed with
frequency of 25, 50and 93 KHz and the converter efficiency was found to be 99.17%
with a power density reaching up to 5.8KE/dm3.
In 2016 FREEDM system center in NCSU was able to perform a huge leap in
this field by designing and developing Gen-II and Gen-III SST as shown in Figure
2.2. The Gen-II medium voltage was based on 15KV/10A SiC MOSFET for high
voltage converter and 1.2KV/100A SiC MOSFETs for low voltage converters with
power rating of 20KVA [19]. The Gen-III SST as described in [21] used a 15KV SiC
MOSFETs with the rating of 20KVA and output of 280V ac. The prototype size of the
Gen-III SST is smallest of the three which is 24 x 30 x10 inches and the efficiency
was obtained to be greater than 97% as compared to 95% of Gen-II and 85% of GenI. A first ever 100KVA SST was designed and demonstrated in [22] by using a dual
active bridge converter topology with 15KV SiC n-IGBTs connected to a medium
voltage of 13.8KV and operated under 10KHz switching frequency. The LV converter
used are 1200 V, 100A commercially available SiC MOSFETs and an overall
efficiency of 96.75% was obtained through experimental analysis of the system. In
2017 Hao Chen and Deepak Divan designed and developed a soft switching
208V/10KVA solid state transformer(S4T) using Si IGBT to get less conduction loss

7
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[20]. The efficiency of the S4T was 89% for 10KVA and simulates a greater than
97% efficiency for 480V/50KVA SST using a 1.2KV/400A IGBT.
Furthermore, several MV level SST has been designed among which is GE global
research’s 1MVA SST that uses 10KV/120A SiC Depletion type MOSFET for the
converter switches [23]. An overall system efficiency of 97% was obtained.
Furthermore, 300KVA UNIFLEX SST design with 1.8KHz switching frequency has
successfully demonstrated the bidirectional power flow, harmonic isolation, voltage
regulation, reactive power and voltage sag compensation of SST technology [24].

Figure 2.2 SST developed by FREEDM system center, NCSU [24].

2.3 SST areas of applications
50 years since the first attempt to use in traction system, SST technology has
found wide range of applications due to large functionalities including voltage sag
compensation, regulation of grid and load voltage, fault and harmonic isolation,
power factor improvement, DER and DSR integration with DC grid islanding and
traction system improvement [25]. These widely researched specifications are now
being investigated to be used for the following applications.
• Future electrical system and micro grid integration.
• Traction system improvement.
• Grid voltage regulation and fault isolation.
• Bidirectional power flow with active and reactive power regulation.

8
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1. Future electrical system and micro grid integration.

Figure 2.3 (a) Isolated Dc microgrid, (b) isolated AC microgrid, (c) SST based
microgrid integration [26].

Figure 2.4 A three-stage modular configuration with DC microgrid integration [27].
Figure 2.3 (a) shows the use of DC link in modular SST topology to connect
DC microgrid to the grid itself. The number of converters, therefore, are significantly
reduced and provides a three-way interface with primary input, secondary output and
the DC microgrid. [28] presents a microgrid integration approach using series
resonant SST (SR-SST) topology and hence providing a separate controllable unit for
storage, AC and DC system. Since SST also acts like a power router for energy
transfer, the regulation in the distribution grid can be obtained without the use of
regulators or the compensator. Recently a multiport isolated hybrid microgrid
architecture was proposed using a 380V DC, 48V DC and 415V AC sub grids
distribution network in [28] with switching frequency of 1050HZ. A MAB was used
instead of conventional DAB to reduce the number of bridges in SST configuration.
An islanded mode of operation was also obtained for PV with Vmpp of 29 V and
Impp of 7.35A.

9
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2. Traction system
The prime attraction of use of SST is its ability of reduce the size and volume
of the traction system. A MF transformer replaces a conventional LF transformer
which is around 15% the weight of the whole system [20] thereby significantly size
and increasing the efficiency of the system.

Figure 2.5 (a)Traditional traction system with LF transformer, (b)Modern traction
system with HF transformer [29].
A 2014 study of weight and volume of LF and MF transformer of same rating
was carried out in [30] and was found that although weight was found to be same, the
volume was reduced by 80% making the SST a compact system fit for traction
purpose so that more numbers of passenger space in the locomotive can be made
available. Additionally, authors in [31] have developed a SST module for railcar
system using a 3.3KV SiC- MOSFET and SiC SBD diode. It was concluded that the
system consumed 30% less energy than that of present traction system. Similarly,
worlds first high power (MW level) electric traction system had been announced in
2012 by ABB [32] for 15KV and 16.667 Hz railway gird. In addition to that [33] also
provides a SST configuration using a matrix converter to replace bulky LF
transformer in locomotion field. The suitability of SST modules was, however,
limited to 25KV/50Hz or 15KV/ 16.67Hz electrification system but the significant
decrease in weight and volume was achieved. Furthermore, the reliability and the
efficiency of the traction system was documented to be higher even though the cost of
the system was found to be quite higher. Another SST traction application was
proposed by authors in [34] that proposed the use of SST not only in railcar traction
but also in remotely operated vehicles with MV-DC and DC powered grids.

10
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3. Grid voltage regulation and fault isolation.
Modern power distribution network requires integration of DER like PV and
wind energy along with DES devices like battery for proper grid voltage regulation.
These functions can be well facilitated by the SST application. It facilitates the control
of LV side independently with HV or MV side [35] with the ability to adjust the
voltage ratio independently phase to phase for proper voltage regulation. It can
integrate DER and DES through DC links qualitatively and achieve uninterrupted
power supply. [36] investigates the effectiveness of SST in voltage regulation in
IEEE-14 bus test system. A Volt-Var (VVR) control mechanism has been proposed
using a multi-port SST and was concluded that the load disturbance has very less or
no effect on grid and a constant regulation of both the voltage and power was
obtained. The regulation can be obtained by connecting PV technology into the grid
through SST as demonstrated in [37]. [38] also shows PV integrated SST with
photovoltaic charging station (PVCS) for electronic vehicle so that the dependence on
the grid power is minimized to great extent. EMS can also be updated using the
technique shown in the paper.
Additionally, several wind power integrations into power grid have been
proposed in [39]-[43]. At the time when even the wind energy system cannot provide
the sustainable power into the grid, SST design can still regulate the VARs in the grid.
In addition to regulation, fault isolation, especially when dealing with the DC load or
DC source, can be obtained by the help of converters used. Use of proper control
algorithm also enables islanded operation of DER. Unlike conventional LF
transformers, any faults such as phase to ground fault etc. at MV level are not
reflected in LV side thereby giving isolation and protection of the end user appliances
[35].

4. Bidirectional power flow with active and reactive power regulation.
One of the highest sought out functionality of SST is its capability to operate
under unity power factor through internal regulation of reactive power. The soft
switching technique helps in obtaining high power density in either direction of power
flow [17]. A DC to DC converter stage is most important in obtaining bidirectional
power flow. [17] has proposed a 10KVA single phase SST with a bidirectional power
11

Texas Tech University, Rashan Shrestha, May 2019

flow mechanism with modular dual half bridge (MDHB) converter. The efficiency of
such DC to DC converter module was found to be 97%. [44] used an interline DC
power flow controller (IDCPFC) with SST to obtain bidirectional power flow using
voltage source converter. The bidirectional application has also been studied in with
20KVA SST with phase shift dual half bridge converter and obtaining high efficiency
for large range of loads along with high power density. A grid integrated battery
charger has been designed in [45] using an isolated DC to DC converter with
bidirectional current flow used in SST configuration for DC fast charging operation in
1KW power level for hybrid vehicles.
Having the ability to obtain a bidirectional power flow has its perks one being
active and reactive power regulation in the system. By changing the phase angle of
phase shift converter switches the power can be made to flow in either direction [46].
This is a huge advantage over conventional LF unidirectional transformer. An SST,
thereby, acts as an energy router in the distribution network. The authors in [47] have
investigated the energy routing functionality of SST by connecting a 380V DC
microgrid to the distribution network and as a result a power regulation was simulated
successfully. The fluctuation in power level was controlled by SST by the help of
battery power. The islanded operation of the 380V DC microgrid was also
demonstrated.

2.4 SST configurations
Over past few decades several SST topologies have been present in numerous
literature review. These topologies can be broadly classified in following
configurations.
1.

Single stage SST topology (Figure 2.6.a).

2.

Two stages SST topology with LVDC link (Figure 2.6.b).

3.

Two stages SST topology with HVDC link (Figure 2.6.c).

4.

Three stages SST topology with HVDC and LVDC link (Figure 2.6.d).
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Figure 2.6 SST topologies [48].
Figure above shows four different SST topologies. Each differ from one
another with respect to presence and absence of the DC link either in MV side or LV
side. The single stage topology is basically an isolating transformer with no DC links
available in either side of the transformer. Figure 2.6.b shows two stage topology
which has a LVDC link that makes it appropriate for DER and DES integration. The
absence of LVDC link in three stage topology as shown in Figure 2.6.c makes it
highly inappropriate for smart grid application. Fourth topology as shown in Figure
2.6.d is a highly used topology consisting of both HVDC link and LVDC link. The
presence of HVDC link helps in power factor regulation as well as input voltage
control of DC to DC converter in addition to DER and DES integration due to
presence of LVDC link, even though control for such topology might require complex
design [48]. For reasons mentioned above, for this thesis paper the fourth topology
consisting of HVDC and LVDC link is selected.

2.4.1 AC to DC and DC to AC Converter Stage
AC/DC stage consist of a grid rectifier that is connected to the MV grid. The
MV converters can either be achieved by using a multilevel/modular multilevel
converter with series connection of large number of low voltage rated semiconductor
switches to meet the requirement of blocking voltage or use of power semiconductor
devices with high voltage rating in a two or three level configuration [9] [48]. A
number of factors come into play while deciding to either go with the two level or
13
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multilevel modular converters such as switching frequency for the converters, cost of
the devices itself, the availability of devices, losses incurred due to use of those
devices, etc. Although the advancement in high power semiconductor devices has
produced some devices with high blocking voltage, it is quite expensive to use them.
On one hand, the cost-effective solution to work with high voltage connection is to
use multilevel configuration using readily available switches, whereas, on the other
hand, higher levels increases losses and size of the overall system [49], and hence a
tradeoff has to be made, also keeping in mind the benefits of multilevel converts such
as lowered switching losses, lower harmonic contents, etc.
Figure 2.7 shows a wide classification of available multilevel converter
topologies among which, three major multilevel topologies used for active front end
converter for SST design are:
1.

Flying Capacitor Converter

2.

Cascaded H-Bridge Converter

3.

Neutral Point Clamped Converter

Figure 2.7 Multilevel converter classification [50].
2.4.1.1 Neutral Point Clamped Converters (NPC).
Neutral point clamped converters consist of back to back connected
semiconductor switches in series in each phase. The cathode of upper two-level
converter is connected to anode of lower two-level converter to derive a new phase
output as can be seen in Figure 2.8. The output of each two-level converter is clamped
together by clamping diodes to derive a neutral line that divides the input DC link
voltage to half such that each device only has to block half the input voltage, reducing
the stress in the devices. A zero-voltage level is generated by the help of neutral thus
derived such that upper converters and lower converters are complementary to each
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other thereby obtaining a three-level output waveform as can be seen in Figure 2.8
[50].

Figure 2.8 Neutral Point clamped three level converter [50].
The switching is fairly simple (upper two switches for +Vdc, lower two
switches for -Vdc, and middle two switches for zero voltage level), but the
complexity rises when the number of output voltage level increases. Although any
voltage level can be achieved by increasing the DC link capacitance and number of
clamping diodes, the voltage unbalance and in the capacitor and the need of large
output filter along with high voltage rated diode requirement for higher voltage
blocking has limited the NPC to only three levels [50] [51].

2.4.1.2 Flying Capacitor Converters (FCC)
Often called as capacitor clamped converter, it uses flying capacitor instead of
clamping diodes in the same configuration of NPC. No neutral is derived in this
converter and thus load is connected across the midpoint of the two upper and lower
converter and positive or negative point of the DC link source. There is a great
flexibility in switching state in flying capacitor with respect to NPC. Upper converter
is switched to obtain positive level voltage(+Vdc), lower converter is switched to
obtain negative voltage level (-Vdc), and a combination of upper and lower converter
switches is used to obtain the zero voltage. Figure 2.9 shows a typical five level flying
capacitor converter with the switching state for different level of voltages.
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Figure 2.9 Flying Capacitor Converter [52].

Table 2.1 Switching state for FC converter [52].
Sa1

Sa2

Sa3

Sa4

Sa11

Sa21

Sa31

Sa41

+Vdc/2

1

1

1

1

0

0

0

0

+Vdc/4

1

1

1

0

1

0

0

0

0

1

1

1

0

0

0

1

1

0

1

1

0

0

1

0

1

1

0

0

1

1

0

0

0

0

1

1

0

0

1

1

1

0

1

0

1

0

1

0

1

0

0

1

0

1

1

0

0

1

0

1

0

1

0

1

0

1

1

0

1

0

0

1

Output
voltage

0
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Table 2.1 Continued
-+Vdc/4
1
0

-+Vdc/2

0

0

1

1

1

0

0

0

0

1

0

1

1

1

0

0

1

0

1

0

1

1

0

0

0

0

1

1

1

1

As can be seen in the table 2.1, there are three different switching flexibility to
generate a voltage of +Vdc/4 and -Vdc/4, and six different possibility to obtain a zerovoltage level. On the other hand, however, the complexity arises due to use of large
number of DC link capacitors where balancing the voltage across them is difficult.
Proper switching sequence is needed to be selected for converting real power from
source with relatively high switching frequency [52] [53]. The requirement for high
frequency operation at high power levels makes it more prone to switching losses and
inefficient in real power transmission. The pre-charge up of the auxiliary capacitor is
another drawback of the converter. However, presence of large number of capacitor
provide more stability during power outages and also eliminates the need of large
output filters due to high frequency application [53].

2.4.1.3 Cascaded H-Bridge (CHB) Converters
Cascaded H-Bridge converter is made up of a number of single-phase full HBridges in series and with each supplied by isolated source. Each H bridge can
generate three voltage levels corresponding to +Vdc,0 and -Vdc. The series
connection of H-Bridges results in output voltage being sum of individual Bridge
voltages. In the upper first bridge shown Figure 2.10, +Vdc is obtained by turning on
S11 and S21 whereas -Vdc is obtained by turning on S31 and S41 and for zero
voltage either S11 and S31 or S21 and S41 are turned on.
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Figure 2.10 A 5 level Cascaded H-Bridge [53].
The number of H-Bridges determines the output voltage levels. For a ‘m’
number of H-Bridges 2m+1 voltage levels can be obtained. For instance, if there are 5
H bridges connected in series each bridge supplied by their individual source, the total
voltage level would be 11.

Table 2.2 Switching state for 5 level CHB [53].
Output

S11

S31

S12

S32

VH1

VH2

+2Vdc

1

0

1

0

Vdc

Vdc

Vdc

1

0

1

1

Vdc

0

1

0

0

0

Vdc

0

1

1

1

0

0

Vdc

0

0

1

0

0

Vdc

0

0

0

0

0

0

0

0

1

1

0

0

1

1

0

0

0

0

1

1

1

1

0

0

1

0

0

1

Vdc

- Vdc

0

1

1

0

- Vdc

Vdc

voltage

0
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Table 2.2 Continued
- Vdc
0

1

1

1

- Vdc

0

0

1

0

0

- Vdc

0

1

1

0

1

0

- Vdc

0

0

0

1

0

- Vdc

0

1

0

1

- Vdc

- Vdc

-2 Vdc

Cascade H-Bridge converters with equal DC sources for each H bridge are
known as symmetric converters. These converters can also be realized by using
unequal DC sources thereby giving the term Asymmetric CHB. For same number of
H-Bridges, the output voltage level can be increased using unequal voltage sources
there by allowing high power and even high voltage application [51] [52] [53]. For
instance, a nine-level output voltage can be realized using two H-bridges with input
voltage sources being Vdc and 3Vdc (+Vdc, -Vdc, 0, +2Vdc, -2Vdc, +3Vdc, -3Vdc,
+4Vdc, -4Vdc). Although the output voltage level can be significantly increased using
asymmetrical DC voltages, the modularity of the converter is lost as well as the
complexity in switching control increases significantly [53].

Figure 2.11 Output voltage levels for 11 level CHB [53].
One of the major drawbacks of CHB converters is that it requires isolated
sources for each H-Bridges. These isolated voltage sources can either be separate DC
link voltage source or rectified transformer output, needing multiple tap transformer
for higher voltage level that only increases size and cost of the transformer [54].

2.4.2 Modulation strategies for AC/DC converters
Since the use of multilevel converters, several modulation strategy to control
them have been developed. Conservative PWM techniques have been modified for the
multilevel converters because of the complexity of using more solid-state switches
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and modularity of the converters and also due to need of addressing the redundant
states giving more degree of freedom during the operation [52] [53] [54] [55]. Figure
2.12 gives an overlook for currently available modulation strategies. The modulation
strategy is broadly divided into two groups, one that uses space vector algorithms for
the control and other uses the voltage-based algorithms in time domain and are carrier
based. Among them, Phase Shifted PWM technique is widely used for control of
CHB multilevel converters.

Figure 2.12 Classification of commonly used Modulation Strategies [55].
2.4.2.1 2D space vector algorithm
The 2D SVM for balanced load works by transforming the three phase values
into the two-dimensional stationary α-β domain by the help of voltage space vector.
The switching states or time period are determined by proper selection of vectors
nearest to the reference vector such that their average becomes equal to the selected
reference vector [50]. This process involves three stages viz selection of nearest
vectors, computation of ON time and generation of vector sequence.

2.4.2.2 3D space vector algorithm
The 3D space vector algorithm is an extension of 2D technique for unbalanced
load where, unlike the 2D algorithm, the phase voltages are mapped into threedimensional state space introducing a new dimension ϒ for α-β-ϒ transformation. The
requirement to use a third dimension to represent the state space vector originates due
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to presence of triple harmonics or zero sequence current or voltages [50] [55]. Due to
unbalance load, a neutral wire with large currents is obtained and thus requires
compensating zero sequence components. In this algorithm four vector nearest to the
reference vector is selected such that the average reference vector is generated, and
the duty cycle of each switch is calculated in fairly simple way without requiring
complex calculations [56].

2.4.2.3 Selective Harmonic Elimination (SHE)
SHE modulation method is used when converters are switched with low
switching frequency where the low frequency output harmonics cannot be avoided. In
this method of eliminating low order harmonics caused due to low switching
frequency, the switching angle for each fourth of fundamental frequency is defined
such that the switching angle eliminate the unwanted harmonics and only fundamental
component with its amplitude is obtained [50]. The switching angles are precalculated
using Fourier analysis of desired input waveform locating the undesired harmonics
and setting the switching angle likewise. The virtual stage SHE-PWM and
fundamental switching frequency SHE-PWM are two classification of SHE, where
they differ from each other by number of switching angles. The switching angles for
the former is equal to the number of sources used and is different for the later one
[54]. The complexity in using SHE is of course finding out the correct position of the
switching angle that requires complex mathematical computation of through Fourier
analysis and other iterative methods.

2.4.2.4 Level shifted PWM
Level shifted PWM in just an extension of traditional bipolar SPWM,
designed especially for multilevel converters such as CHB and FC converters. Instead
of using a single carrier signal, level shifted PWM uses multiple carrier signals. For a
2m+1 level inverter, m-1 carriers are need for the modulation [50] [54] [57], where m
is the number of H bridges. These carriers are shifted vertically between two voltage
levels as shown in Figure 2.13. Figure 2.13.a shows a traditional Phase disposition
(PD) PWM where all the carriers are in phase and are vertically shifted from each
other. Figure 2.13.b shows a modification in PD PWM called Phase Opposition
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Disposition (POD) PWM where the carriers above the reference are in phase with
each other and the lower carriers are in opposite phase with the upper carriers. A third
kind of level shifted PWM is shown in Figure 2.13.c where the carriers are in
alternate phase with each other from top to bottom called Alternate Phase Opposition
disposition (APOD) PWM.

Figure 2.13 Level shifted PWM Strategy [50].
The generation of control signals depends on relative position of the
modulating signal and the carrier signal. Here if the value of modulating signal is
larger than both the carrier signals Vcr1 and Vcr4 +E/2 is generated whereas -E/2 is
generated if the modulating signal is lesser than both Vcr1 and Vcr2 and a zero
voltage is generated if the modulating signal lies between Vcr1 and Vcr2 [57].

2.4.2.5 Phase shifted PWM
Among other multi carrier PWM techniques, Phase shifted PWM is probably
one of the simplest and most used modulating techniques when it comes to multilevel
converters. It is similar to traditional bipolar and unipolar modulation that can be used
for both flying capacitor as well as cascaded H-Bridge converters. In this modulation
technique, for each individual cell used in the converter, there is a phase shift in the
carrier wave. This means the for a m-cell converter, there are ‘m’ triangular wave.
The same modulating signal can be used for all the converter cells and the number of
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cells determines the phase shift. For a ‘m’ bridges in CHB, the phase shift would be
(ki-1)180/m, where ‘ki’ is the ith converter for the lowest distortion [58] and for a ‘n’
level FC converter the phase shift would be 360/n.

Figure 2.14 Phase Shifted PWM.
Figure 2.14 shows phase shifted PWM for a seven level CHB converter where
each carrier is phase shifted by 60º, as a result seven level staircase output voltage is
generated. For a seven-level converter, the voltage level obtained in the output
waveform are +Vdc, -Vdc, +2Vdc, -2Vdc, +3Vdc, -3Vdc, and zero. Two 180º out of
phase modulating signals are used for unipolar PWM. The switching strategy is
similar to traditional unipolar or bipolar SPWM with just the difference in carrier
signal for each converter cell. This modulation strategy leads to sideband harmonic
cancellation and better output waveform in addition to which an even power
distribution to each cell also reduces the input current harmonics [59].

2.4.3 Selection of AC/DC Converter and Modulation Strategy
The selection of AD/DC converter for this thesis paper was made based on
several factors. For a Neutral Point Clamped Converter, the output voltage level is
limited to only 5 levels. Additionally, for higher power and voltage levels, larger
number of clamping diode would have to be used to making it more lossy due to
reverse saturation current. This also increases the size of the converter. Furthermore,
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the inability of obtaining modular structure and voltage balancing at the output DC
link capacitor makes it in appropriate to use in SST design. Due to these significant
drawbacks, its pros such as easy control of active and reactive power, etc. had to be
surrendered.
In case of Flying Capacitor Converter, although the control of the active and
reactive power is easier and also provides more flexibility in switching control due to
redundant switching states, the need of large number of flying capacitor and
complexity in pre-charging of the capacitor discourages its use. In addition to that, for
higher level significant increase in size of the convert is seen due to large number of
capacitors. Unlike NPC, although the modularity can be achieved, the complex
control of the converter makes it inappropriate for its use in SST application.
Cascaded H-Bride, on the other hand, is much simple in design easy to
implement control in terms of both the active and reactive power as well as output DC
link voltage balancing. Unlike NPC, modularity of the converters can be achieved
using any number of voltage level without requiring large number of capacitors or any
number of diodes making it more power efficient. Although CHB require a separate
source for each H-Bridge, it can be achievable with minor modifications.
The advantages of CHB outweighs its disadvantages and hence is chosen as an
appropriate multilevel converter for AC/DC conversion stage of SST. Table 3.2
shows that for ‘k’ level converters, the components required by the CHB converter is
the least among the three converter types described here. CHB does not, at all,
requires balancing capacitor like Flying Capacitor converter or does not require
clamping diodes like Neutral point clamped converter hence making it more
economical as well as simple and efficient converter the SST application.
Table 2.3 Components required for ‘k’ level converters.
Converters

NPC

FCC

CHB

Main Switches

2(k-1)

2(k-1)

2(k-1)

Antiparallel Diodes

2(k-1)

2(k-1)

2(k-1)

Clamping diodes

(k-1) * (k-2)

0

0
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Table 2.3 Continued
DC link capacitors

(k-1)

(k-1)

(k-1)/2

Balancing capacitors

0

(k-1) (k-2)/2

0

Total components

k2+2k-3

(k2+8k-8)/2

9(k-1)/2

Total components for

60

48

27

k=7

In regard to choosing the modulation strategy, the hardware requirement for
space vector PWM is much larger than that of carrier based PWM. The fact that space
vector PWM operates in three stages which are selection of reference modulation
vector, calculation of ON state time for the switches and generation of vector
sequence, requires large computational time and more hardware to realize thus
making in inappropriate for SST application. Between the level shifted and phase
shifted PWM techniques, Phase Shifted PWM is more attractive since it requires
minimum number of carrier signals for modulation as compared to Level Shifted
PWM. Although the harmonic content in Level Shifted PWM is slightly less than that
of Phase shifted, the simplicity in realization of Phase Shifted PWM makes it more
attractive in SST application and these are the reason Phase Shifted PWM is chosen in
this thesis for CHB input AC/DC converter.

2.4.4 DC/DC Converter Stage
There are several DC/DC converter that can facilitate SST requirements such
as bidirectional power flow, high frequency (HF) operation and electric isolation. DC
to DC converter consists of a DC to AC converter connected to a HF step down
transformer and an AC to DC rectifier connected at the secondary end of the
transformer. The core concept of SST is to use a HF to step down the voltage to
distribution level to lower the size and weight of the transformer and the system as a
whole. Additionally, a constant supply voltage should be supplied at DC to DC
converter input so as to maintain controlled flow of power. Proper selection of
DC/DC converter is required so as to have an efficient and compact SST system.
Several isolated DC to DC converters have been developed and implemented in
several industrial fields, some of the widely used converters are as follows.
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• Isolated Flyback Converter
• Isolated Forward Converter
• Isolated Push Pull Converter
• LLC Converter
• Isolated Full Bridge converter
• Dual Active Bridge converter
2.4.4.1 Isolated Flyback Converter
The Flyback converter is derived form a Buck/Boost converter with the
operation of isolation transformer controlled by the switch as shown in Figure 2.15
(a). However, the flow of current is not simultaneous in the transformer windings and
the primary winding gets cut off when the switch Q1 is turned off giving rise to poor
transformer utilization. Although simple in structure and requires very a smaller
number of parts, the Flyback converter is not appropriate to be used in high power
application mainly due to poor switch and transformer utilization as well as because
of requirement of snubber circuit to avoid voltage ringing [59].
2.4.4.2 Isolated Forward Converter
Unlike Flyback converter, the forward converter is derived from the buck
converter and uses an isolation transformer with auxiliary winding and output filter as
shown in Figure 2.15 (b). It uses auxiliary winding for energy storage and for
complete demagnetization of transformer when the switch is turned off. Despite being
simple in circuitry, easy compensation mechanism with better transformer utilization
and filtered output signal, there are several disadvantages such as low power
operation (200W), requirement of several freewheeling diodes, problem of core
saturation due to stored energy in auxiliary windings and requirement of snubber
circuits to prevent them causing extra hardware [59] [60].

Figure 2.15 (a) Isolated Flyback Converter [59], (b) Isolated Forward Converter [60].
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2.4.4.3 Isolated Push-Pull converter
A version of forward converter is the Push pull converter shown in 2.16 (a)
with center tapped transformer consisting of two primary and two secondary windings
to achieve a push-pull configuration as the two switches are connected to either end of
the DC source. The two switches connect each winding alternatively and should not
be turned simultaneously to avoid the problem of shoot through and potentially
destroy the switches. Since the transformer windings are not connected
simultaneously the transformer utilization also becomes lower. Additionally, for high
voltage operation the switch rating should be much higher since each switch has to
block twice the input voltage and also suffers from hard switching problems [61] [62]
making it inappropriate to be used in SST application.
2.4.4.4 LLC converter
LLC converter is a variant of full bridge converter shown in Figure 2.16 (b)
which takes advantage of resonance technique to obtain ZVS mechanism. It consists
of two full bridges connected to both side of isolation transformer that employ ZVS
technique minimizing the losses and harmonics. A resonant tank is introduced by the
combination of the capacitor and the leakage inductance of the transformer which
greatly helps in achieving sinusoidal output currents from the transformer [63].
Despite the converter being able to operate in higher switching frequency, the
dependence of switching frequency according to load and the input voltage makes in
appropriate to be used in grid tied system such as SST. Another disadvantage of this
converter is that the converter should only be operated in inductive mode to avoid
device failure due to current spikes caused by high reverse saturation current in the
freewheeling diode [64].

Figure 2.16 (a) Isolated Push-Pull Converter [62], (b) Isolated LLC Converter [63].
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2.4.4.5 Full Bridge converter
A full bridge converter can be formed by the use of a full H-Bridge and a
center tapped transformer. A H-Bridge is connected to a primary side of transformer
and full wave bridge passive rectifier on the secondary as shown in Figure 2.17. A
high frequency zero-volt switching mechanism is achievable by using any of these
topologies which lowers the switching losses dramatically. Voltage spikes are a major
concern for these type of converters which are caused due to interaction of stray or
current fed inductance and transformer leakage inductance on the secondary side, and
hence a snubber circuit is necessary to clamp those spikes [65] [66].
2.4.4.6 Dual Active Bridge (DAB) Converter
DAB as shown in Figure 2.18 consist of two H-Bridges at the both the primary
and secondary of high frequency transformer; primary full bridge serves as an inverter
and the secondary full bridge serves as an active rectifier. DAB works on the principle
that the voltage drop on the leakage inductance causes power transfer from primary to
secondary or vice versa. The power transfer takes place depending upon the phase
shift in voltage signal between primary H-Bridge and secondary H-Bridge as well as
their voltage difference. DAB operates as both buck as well as boost converter. When
it is working as buck converter the power is transferred from primary side to the
secondary side and vice versa. Since DAB is based on full bridge configuration, ZVS
switching can also be obtained to minimize the switching losses. A comparison in
[67] shows that the DAB converter requires lesser number of passive elements
thereby minimizing losses. However, the output ripple current is significantly higher
than that of Full Bridge converter because of larger number of active devices.
Additionally, DAB requires one less transformer winding than that of the Full Bridge
converter which is used to discharge the circulating currents. DAB seems suitable for
applications where the phase shift between the primary and secondary voltages is not
huge whereas the Full Bridge Converter can be used for application where larger
phase shift is required without compromising the efficiency of the system.
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Figure 2.17 Full Bridge converter topologies [68].

Figure 2.18 Dual Active Bridge Converter [69].
DAB is controlled through what is called Traditional Phase Shift Modulation
where each converter is operated with 50% duty cycle through square wave signals
[70] allowing power transfer from leading converter to lagging converter. The
maximum phase shift for the maximum efficiency should not exceed 45º between the
primary and secondary side converters.

2.4.5 Modulation strategies for DC/DC Converter
A bidirectional, ZVS enabled isolated DC/DC converter needs modulation
schemes that differs from ordinary SPWM for the control of the converter. [71]
provides some of the widely used modulation strategies for DAB converter which are
listed below.
1.Rectangular modulation
2.Trapezoidal modulation
3.Triangular modulation
Each of the above-mentioned modulation strategy have different switching
waveforms and different operating ranges yet have similar concept; the primary and
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secondary voltage of the transformer is a square wave with a phase shift between
them. The current though the windings of the transformer is drawn by the help of the
leakage inductance and the voltage drop in it.

Figure 2.19 (a) DAB converter (b) Traditional Phase Shift PWM (c) Trapezoidal
Phase Shift PWM (d) Triangular Phase Shift PWM [71].
2.4.5.1 Rectangular modulation
Rectangular modulation differs from the traditional modulation in a way that
in traditional PWM only switches on primary side and antiparallel diodes on
secondary conduct for forward power transmission and vice versa for reverse power
transmission whereas in rectangular modulation the cross connected switches on both
primary (S1-S4, S2-S3) and the secondary (Q1-Q4, Q2-Q3) side operate simultaneously
for both direction of power flow in Figure 2.18. Here the input and output of DAB is
driven by a 50% duty cycle square wave creating a two-level waveform as shown in
Figure 2.19.b. A phase shift is introduced between the primary side waveform and
the secondary side waveform such that when the primary voltage leads the secondary
voltage, the power flow is in positive direction which is from primary to secondary
side and vice versa. This power flow is due to voltage drop in leakage inductance of
the high frequency transformer causing the power flow in the system [69]. ZVS is
obtained to minimize switching losses by turning on the switching devices while the
antiparallel diodes are still conducting and transferring the current to the snubber
circuit during turn off [71] [69].
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Figure 2.20 (a) Traditional Phase Shift PWM (b) Extended Phase Shift PWM [69] as
referred to Figure 2.18.
The main disadvantage of the Traditional Phase Shifting PWM is that the ratio
of input voltage to output voltage with respect to the transformer turns ration should
be kept at unity for maximum efficiency. The system becomes highly inefficient if the
ratio changes from unity. Additionally, a large back flow of power is observed in the
Traditional Phase Shift modulation (represented by dark shaded part in Figure 2.20 (a)
that caused large circulation current in the magnetic components and increases stress
on switches causing the more loss in the system [69]. To avoid such losses due to
power back flow, Extended Phase Shift PWM is used.
Figure 2.20 (b) shows the mechanism for Extended Phase Shift PWM where
contrary to Traditional Phase Shift’s two-level waveform in primary side, a threelevel voltage waveform is obtained by introducing a phase shift between the cross
connected switches (S1 and S4 as well as S2 and S3) along with a phase shift between
the primary and secondary bridges as shown in Figure 2.20 (b). This significantly
reduces the back-flow power increasing the efficiency of the overall system.
2.4.5.2 Trapezoidal Modulation
Trapezoidal modulation technique is a three-voltage level waveform generator
both in primary as well as secondary side of the isolation transformer. In addition to
providing phase shift between the primary and secondary voltage, a blanking time is
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added also as shown in Figure 2.19 (c). The aim of this modulation technique is to
obtain turn off zero current crossing as a result switching losses are minimized which
is also aided by decrease in number of Quasi state turn off so as to obtain higher
power transfer capability [71]. The introduction of blanking time, however, posits the
requirement of handling large current in transformer which in turn increases the
conduction losses to a great deal. In addition to that the complexity in realization of
this strategy along with being inappropriate for unequal DC voltages and its inability
to work under light or no-load condition discourages its use for DAB converters [72].
2.4.5.3 Triangular modulation
Triangular modulation strategy is an extension of above-mentioned trapezoidal
modulation scheme where one edge of input and output voltage are made to overlap
so as to obtain a triangular current waveform as shown in Figure 2.19 (d). Among the
three modulation techniques, Triangular modulation can achieve the least amount of
switching losses. This is due to the fact that the number of Quasi turn off states are
highly reduced (to two) [71]. On the other hand, the large rms current needs to be
handled by the converters as a result the conduction losses for this modulation
strategy is the highest among the three techniques. Decreased power transfer
capability and the complex realization circuit makes it inappropriate to be used in SST
application.

2.4.6 Selection of DC/DC Converter and the Modulation Strategy.
For this thesis, the Isolated Dual Active Bridge is used. The poor switching
and transformer utilization of the Flyback Converter discourages its use in SST
although being simple in construction and control. Additionally, the requirement of
large number of passive parts for snubber circuit and core saturation problems makes
it inefficient for the use of Forward Converter. Furthermore, despite having simple
circuitry and high current capacity of the Push Pull Converter, it requires high rated
power devices thus incurring high cost. The poor transformer utilization is another
reason for not using Push Pull Converter. Although the LLC converter can be used in
high frequency environment and high-power density can be achieved, the requirement
of large passive components and load dependence of the switching frequency
discourages its use too.
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The requirement of snubber circuit and the passive elements to suppress the
voltage spikes is the main disadvantage of the Full Bridge converter event though
high frequency switching is achievable with high power density. DAB, on the other
hand, seems most appropriate choice for SST application due to its ZVS capability
with use of lesser number of passive components. Although the current through the
DC link might be higher compared to other converters, an efficient transfer of power
in both direction is easily achievable through proper control mechanism and hence
DAB converter is used for this simulation of SST.
In case of modulation schemes used for DAB control the traditional phase
shifting PWM mechanism is the simplest form of control of power flow. As compared
to trapezoidal PWM the reduction of conduction losses in the transformer and
simplicity of hardware requirement are the added advantages of traditional phase
shifting mechanism. Although the use of triangular modulation reduces the switching
losses and increases the range of ZVS, it is more complex modulation scheme to be
realize than the traditional phase shifting PWM. In addition to that as described above
the traditional phase shifting PWM achieves has higher power transfer ability and also
reduces the currents in the switches and the transformer. These are some of the
reasons why this traditional phase shifting mechanism is used for control of DAB.
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CHAPTER III
DESIGN OF SST COMPONENTS
To demonstrate the operation of different stages of SST technology, an SST
model needs to be simulated. In this paper the switching model has been developed
and the obtained results have been presented. For the simulation of the model, a
number of parameters have been roughly calculated using several equations found is
several literatures. These parameters include the values of active and passive
elements, the switching frequency of different stages, etc.
This chapter presents the component values of an SST that contains a
Cascaded H-Bridge AC/DC front end rectifier, a Dual Active Bridge DC/DC
converter and a Cascaded H-bridge inverter with a high frequency transformer
replacing the traditional low frequency (60Hz) transformer. The SST is rated 50KVA
interfacing a 7.2KV, 60Hz medium voltage grid with 400/120V distribution system.
The AC/DC from end multilevel converter converts 7.2KV input to 3.8KV DC
voltage. The voltage is stabilized using a large capacitor and the output of the
rectifier.
There is a trade-off between cost of the system, size of the system and the
efficiency of the system while considering the switching devices specially at high
voltage side of the system. Since the input power is 50KVA and the input voltage at
the AC side is 7.2KVrms, and if the power factor is assumed to be unity, the input
current to the AC/DC converter is somewhere around 7A. This, hence, becomes a low
current application, and in such application the switching losses are more dominant
than that of the conduction losses. It seems wise to use MOSFETs in order to
minimize the switching losses, but the maximum operating voltage of Si MOSFETs
are around 600Volts [73] that is capable of handling the obtained current level. Hence
in order to use these MOSFETs a multilevel topology needs to be realized with large
number of switching devices obtaining modularity. This increases the size of the
system as a whole which contradicts the essence of SST. However, voltage ratings of
recently developed commercially available SiC MOSFETs reach up to 1.7KV (by
Cree) [74]. Using these high voltage MOSFET can reduce the number of voltage level
needed to block the system voltage without breakdown. However, the cost of these
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SiC power devices is much higher than the Si MOSFETs and Si IGBTs there by not
making the SST design economically viable. However, a 6.5KV Si IGBT is readily
available in the market in cheaper price than that of SiC MOSFETs, the use of which
can significantly reduce the number of voltage level required to block the input
voltage, thereby reducing the cost of the system as well as make the system more
economically viable. On the other hand, the switching losses of these IGBT devices is
higher than that of the MOSFETs thereby making the system less efficient than when
the MOSFETs are used. Based on these trade off studies, with the assumption that the
switching devices used are completely lossless, the use of 6.5KV IGBT in a seven
level CHB is the best choice. The loss lessness of the devices are assumes so as to
follow the thesis objective which is not to analyze the efficiency but to demonstrate
the PWM techniques for several SST stages and to demonstrate vector control
mechanism of the input stage. In addition to that, the DC/DC converter used is a
DAB with high frequency isolation transformer that converts 3.8 KV DC voltage to
400 V DC on the secondary of the transformer. Similar to the CHB, the high voltage
bridge in DAB uses 6.5KV IGBT and the low voltage bridge uses 600V IGBT. The
inverter can be constructed using MOSFETs with high switching frequency to reduce
the switching losses. The CHB inverter stage converts 400V DC into 120/240 V AC
on the consumer side.

Figure 3.1 SST topology [75].

35

Texas Tech University, Rashan Shrestha, May 2019

Figure 3.1 gives the overview of overall SST structure used in this thesis that
consists of a seven level CHB as both front end rectifier as well as the end inverter.
Dc to DC stage consists of DAB with high frequency transformer. To realize this in
the simulation a number of assumptions are made. The assumption includes the
followings.
• The input power factor is unity which suggest the total active power and the
apparent power are equal.
i.e. Prated=Srated for p.f =CosØ=1
and |S| =|P|
where the S and P are apparent and active power respectively.
• The power electronic devices and the passive components used are ideal i.e.
lossless in nature and do not dissipate significant amount of power or have
significant amount of voltage drop.
• Linear range of operation of passive component has also been assumed.
For proper operation of the SST, several components are to be designed based on
the system specification. The system specification includes the followings.
• The input voltage level, Vin=7.2KV, rms
• Rated Input power, Prated=50KW, Srated=50KVA
• Power factor, CosØ=1
• Frequency of the grid, Fgrid=60Hz
• Output Voltage level, Vout=400V

3.1 Cascaded H-bridge rectifier component design
CHB converts input AC voltage onto DC voltage through a number of series
connected H-Bridges. The components of CHB that needs proper calibration are as
below.
• HVDC link voltage
• HVDC link capacitor
• Input inductor
• Switching frequency
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3.1.1 HVDC link voltage
The output voltage of CHB depends on the modulation index of the Phase
Shift Modulation scheme and is limited by the IGBT voltage rating and is given by
[75],
𝑉𝑑𝑐 =

√2𝑉𝑖𝑛
𝑚 ∗ 𝑀𝐼

(1)

Where, 𝑉𝑑𝑐 is the HVDC link voltage, 𝑉𝑖𝑛 is input voltage, 𝑚 is the number
of H-bridges and 𝑀𝐼 is the Modulation Index.
The voltage rating of available switching devices determines the number of HBridges in CHB. The individual HVDC link voltage should not exceed the voltage
ratings of the switches. In fact, the HVDC voltage is chosen such that its voltage level
is around 80% of the available switches [75]. An appropriate choice of number of
bridges is 3 that can generate seven voltage levels and a 6.5KV IGBT can be used
with sufficient voltage margin.
For 𝑉𝑖𝑛 = 7.2𝐾𝑉, 𝑚 = 3 and 𝑀𝐼 = 0.9, and assuming no voltage drop on the
input inductor,
𝑉𝑑𝑐 = 3.8𝐾𝑉

3.1.2 HVDC link capacitor design
Prime factors that needs to be considered during the filter capacitor design are
the capacitor voltage ripple and output current. The output voltage ripple is set to 5%
of the DC link voltage and the current drawn by the CHB from the source is given by
𝐼𝑎 =

𝑃𝑟𝑎𝑡𝑒𝑑
𝑉𝑖𝑛

(2)

Where, 𝑃𝑟𝑎𝑡𝑒𝑑 is the rated power, 𝑉𝑖𝑛 is the input AC rms voltage, with
𝑉𝑖𝑛 = 7.2𝐾𝑉 and 𝑃𝑟𝑎𝑡𝑒𝑑 = 50𝐾𝑊 assuming the unity power factor we get,
𝐼𝑎 = 7𝐴
The HVDC link capacitor value can be determined by using the charging and
discharging time of the capacitor which are assumed to be equal and is given by [76]
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𝐶=

𝐼𝑎 ∗ 𝛥𝑡
𝛥𝑉𝑑𝑐

(3)

Where,
𝛥𝑡 is the charging time of the capacitor which is equal to the half of the total
ripple time,
𝛥𝑉𝑑𝑐 is the capacitor ripple voltage.
With 𝛥𝑡 = 4.17𝑚𝑠 and 𝛥𝑉𝑑𝑐 = 190 𝑉 we get,
𝐶 = 153.5𝜇𝑓

3.1.3 Input inductor and switching frequency selection
The input inductor is designed on the basis of power that needs to be
transferred as well as considering the current ripple and hence for the maximum
power transfer, the inductor can be roughly estimated using the given equation [76].
𝑀𝑉𝑑𝑐 > √𝑉𝑝2 + (𝜔𝐿𝐼𝑝 )2

(4)

Where, M is the max modulation index =1, Vdc is the DC voltage level, Vp is
the peak AC voltage, Ip is peak AC current, ω is the angular velocity and L is the
input inductor. An approximate value of the input inductor is calculated to be less
than 1.3H.
However, it is not a sufficient condition for the selection of the input inductor.
Input harmonic levels should also be considered. A combination of input inductor and
the switching frequency should be selected such that the distortion level for harmonics
above 35th harmonics is under the limit set by IEEE [75]. A reference of 35th
harmonics is chosen because a frequency above 900Hz will start to produce
distortion. In addition to that, Total Harmonic Distortion (THD) should also be kept in
check according to limit set by IEEE standards.
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Select Linitial and fsw

No
Linitial < Lmax

Decrease L

Increase L

Or

Yes
Run simulation, fft? THD?
hr=(h/h(1))*100

Increase fsw

No

THD and hr < IEEE
limit

Yes
Select L and fsw

Figure 3.2 Flowchart for Selection of L and fsw.
Figure 3.2 shows the appropriate way for selection of the switching frequency
and input inductor. The distortion limit and the THD limit is presented in table 3.1.
Table 3.1 Distortion limit and THD limit [75].
Harmonics
3 ≤ ℎ < 11
11 ≤ ℎ < 17
17 ≤ ℎ < 23
23 ≤ ℎ < 35
35 ≤ ℎ < 50

Distortion limit
4.0
2.0
1.5
0.5
0.3

THD%

5.0

3.2 Dual Active Bridge component design
Dual active bridge is an isolated bidirectional DC/DC converter consists of an
isolation high frequency transformer connecting a DC/AC converter at its primary and
an AC/DC converter in its secondary. The main purpose of DAB is to provide
galvanic isolation such that any disturbance or fault on the consumer end does not
propagate to the medium voltage grid so that the integrity of the grid is maintained.
The power flow in any direction is controlled by phase shifting the two bridges such
that power is transferred from leading bridge to a lagging bridge through a square
wave phase shift modulation. The amount of power transfer is the function of the
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DAB switching frequency, the leakage inductance, the DC voltage levels and the
phase shift angle between the two bridges given by [70] [78] [79] [80].

𝑃𝑜𝑢𝑡 =

𝑉𝑑𝑐𝑖𝑛 ∗ 𝑉𝑑𝑐𝑜𝑢𝑡
∗ 𝑑(1 − 𝑑)
2 ∗ 𝑓𝑠𝐷𝐴𝐵 ∗ 𝑛 ∗ 𝐿𝑘

(5)

Where, 𝑉𝑑𝑐𝑖𝑛 𝑎𝑛𝑑 𝑉𝑑𝑐𝑜𝑢𝑡 are the input and output DC voltages, 𝑓𝑠𝐷𝐴𝐵 is the
DAB switching frequency, 𝑛 = 𝑉𝑑𝑐𝑖𝑛 /𝑉𝑑𝑐𝑜𝑢𝑡 is the transformer turns ratio, 𝐿𝑘 is the
total leakage inductance referred to primary side and 𝑑 is the phase shift or duty cycle
expressed as the ratio of phase delay between Vac_in and Vac_out of the transformer to
one half switching period.

Figure 3.3 Phase Shift and power transfer through DAB [78].
The Figure 3.3 shows the primary and secondary side voltage of the high
frequency transformer with a phase shift of Ø, as a result the inductor current iL flows
through the leakage inductor. The area A2 represent the circulating current that flows
through the transformer core and is responsible for backflow of power which
represents the power loss in DAB. The amount of actual power transfer is given by
the green shaded area A1. By replacing 𝑑 by 𝑑 = Ø/𝜋 we get the following [81].
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𝑃𝑜𝑢𝑡 =

𝑉𝑑𝑐𝑖𝑛 ∗ 𝑉𝑑𝑐𝑜𝑢𝑡
|Ø|
∗ Ø(1 − )
𝑋𝑙 ∗ 𝑛
𝜋

(6)

Where, 𝑋𝑙 = 2 ∗ 𝜋* 𝑓𝑠𝐷𝐴𝐵 *𝐿𝑘 is the leakage reactance of the transformer and Ø
is the phase shift in radians. The phase shift, Ø can vary from - 𝜋 to + 𝜋. When a
positive phase shift is chosen, the power flows from primary side to the secondary
side and vice versa. The maximum power transfer is obtained when the duty cycle is
50% i.e. d=0.5 or Ø = 𝜋/2 or 90º. However, if the traditional phase shift is used for
the modulation purpose, the maximum system efficiency can only be achieved when
the phase shift angle Ø = 45º [70].
The number of H-Bridges in CHB stage determines the number of DAB.
Several components of DAB design that needs to be determined are as follows.
• The switching frequency of DAB, AC/DC transformer signal switching
frequency.
• HVDC and LVDC link capacitors
• Leakage inductance of the transformer
• Transformer turns ratio.

3.2.1 Choice of switching frequency
Detail design procedure is required for the selection of switching frequency
that needs to consider several factors such as ZVS range of the converter, the THD
obtained, the voltage ratings of the available switches, the operating range of isolation
transformer, the size of the transformer and the passive elements, etc. However, since
the scope of this paper does not deal with detail design and analysis of DAB
converters, an optimal switching frequency is chosen based on the previously done
research. An optimal switching frequency for most of the power rated devices is 20
KHz that can be used for devices operating for several KW to few MW range of
power [75].
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3.2.2 HVDC and LVDC capacitor design
DAB consists of a HVDC link capacitor at its input and LVDC link capacitor
at its output. The LVDC link capacitor is used to smooth out the DAB rectified output
to obtain a constant DC link voltage of 400V. The HVDC link voltage is used to keep
in check the voltage ripple from CHB rectifier input. The two capacitor at the HVDC
side can be connected in parallel such that the equivalent capacitance become the sum
of the both. Here the HVDC link and LVDC link capacitance can be found using the
following equation [75].
50 ∗ 𝑃𝑜𝑢𝑡
𝑉𝑑𝑐2𝑖𝑛 ∗ 𝑓𝑠𝐷𝐴𝐵

(7)

50 ∗ 𝑃𝑜𝑢𝑡
𝑉𝑑𝑐2𝑜𝑢𝑡 ∗ 𝑓𝑠𝐷𝐴𝐵

(8)

𝐶𝐷𝐴𝐵_𝐻𝑉 =
𝐶𝐷𝐴𝐵_𝐿𝑉 =

Consider equal power distributed to each DAB module, 𝑃𝑜𝑢𝑡 = 50
=
3
16.67𝐾𝑊, 𝑓𝑠𝐷𝐴𝐵 = 20𝐾𝐻𝑧, 𝑉𝑑𝑐𝑖𝑛 = 3.8𝐾𝑉 and , 𝑉𝑑𝑐𝑜𝑢𝑡 = 400𝑉 the value of
HVDC capacitance is obtained to be 2.8μf and the value of LVDC capacitance is
obtained to be 260.5μf.

3.2.3 Leakage inductor selection
The high frequency transformer consists of two leakage inductor on its either
side which can be brought to one side for storage of energy as seen in Figure 3.4. The
main purpose of the leakage inductor is to serve as energy storage device and reduce
the switch dv/dt stress caused during switching process so that the soft switching
mechanism is achieved with minimum losses [78]. The voltage drop across the
leakage inductance give rise to the transformer current and the drop is equal to the
voltage difference between the H-Bridge voltages.

Figure 3.4 High Frequency Transformer equivalent diagram [78].
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𝑛1 2
𝐿𝑡𝑜𝑡 = 𝐿𝑝𝑟𝑖 + ( ) ∗ 𝐿𝑠𝑒𝑐
𝑛2

(9)

Equation (9) gives the total leakage inductance of the DAB. For simulation
purposes the total leakage inductance is calculated using the following equation.

𝐿𝑘 =

𝑉𝑑𝑐𝑖𝑛 ∗ 𝑉𝑑𝑐𝑜𝑢𝑡
∗ 𝑑(1 − 𝑑)
2 ∗ 𝑓𝑠𝐷𝐴𝐵 ∗ 𝑛 ∗ 𝑃𝑜𝑢𝑡

(10)

Here it can clearly be seen that any increase in switching frequency increases
decreases the size of external leakage inductance required to transmit a given amount
of power through the DAB.
Consider equal power distributed to each DAB module, 𝑃𝑜𝑢𝑡 = 50
=
3
16.67𝐾𝑊, 𝑓𝑠𝐷𝐴𝐵 = 20𝐾𝐻𝑧, 𝑉𝑑𝑐𝑖𝑛 = 3.8𝐾𝑉 and , 𝑉𝑑𝑐𝑜𝑢𝑡 = 400𝑉, 𝑑 = 0.5 for
maximum power transfer and 𝑛 =

𝑉𝑑𝑐𝑖𝑛
𝑉𝑑𝑐𝑜𝑢𝑡

= 9.5 we get 𝐿𝑘 = 62.5μH.

3.2.4 Selection of transformer turn ratio
Transformer turns ratio is simply defined as the ratio of input AC voltage to
the output AC voltage or ratio of number of primary turn to the secondary turn.
𝑛=

𝑁𝑝
𝑉𝑎𝑐𝑖𝑛
=
𝑁𝑠 𝑉𝑎𝑐𝑜𝑢𝑡

(11)

Here the turn ratio is determined by determining the soft switching range of
the converter. The concept of soft switching refers to forcing the switching devices to
turn on or turn off at either zero-volt condition or zero current condition such that the
switching loss is minimized and the range of switching frequency is increased. [80]
introduces a term “d” given by
𝑑=

𝑛 ∗ 𝑉𝑑𝑐𝑜𝑢𝑡
𝑉𝑑𝑐𝑖𝑛

(12)

and identifies the range of soft switching for the device and found to be 𝑑 = 1 for full
control range for achieving soft switching assuming infinite magnetic inductance of
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the transformer and negligible device snubber capacitance [80]. Hence for 𝑑 = 1 the
transformer turns ratio becomes equal to ratio of input DC voltage to output DC
voltage.

3.3 Cascaded H-bridge inverter component design
The structure of CHB converter for at the load end is similar to the front-end
rectifier discussed in above section but working as an output inverter. The CHB
converters the LVDC link voltage into low voltage AC that can be supplied to
consumers. A CHB is used as an inverter that the voltage stress on the switches can be
reduced and the amount of output current harmonics can be limited to small amount.
With view to further reduce the harmonic level, unipolar switching strategy is
implemented instead of bipolar switching strategy. Considering the lossless
components all the way and a unity power factor at the load or LV AC grid, the
specifications for the CHB inverter are as follows.
• Vin=400V DC
• Vout=240 V AC
• Pout total=50KW (50KVA)
Several components for the CHB inverter that needs to be designed and
considered are as follows.
• DC link capacitor
• Switching frequency
• Output filter components

3.3.1 DC link capacitor design
Each H-Bridge in CHB is assumed to transfer equal amount of total power
from the DAB to the AC grid or the load. The DC capacitor at the input of the inverter
is used so that the voltage ripple in the DC side is kept at minimum level. The voltage
ripple is inversely proportional to the size of the DC capacitor. Hence a large
capacitor will ensure a constant input DC voltage to the inverter. Additionally, the DC
link capacitor stiffens up the input voltage to the inverter so that the desired amount of
power can be transmitted to the load through the inverter. However, the cost of
increasing the DC capacitor is that the system behavior becomes slower [81] and the
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cost of the system increases proportionally. The DC link capacitance can be
calculated using the following equation.
𝐶=

𝑃𝑑𝑐
2 ∗ 𝜋 ∗ 𝑓𝑔𝑟𝑖𝑑 ∗ 𝑉𝑑𝑐 ∗ 𝛥𝑉𝑑𝑐

(13)

Since the total power to be transferred from the input to the output is 50KW,
each bridge would transfer 16.67KW, the value of DC link capacitance obtained is
5.5mf.

3.3.2 Selection of switching frequency
There is always a trade off when considering the switching frequency. As the
switching frequency is increased the size of passive component is decreased
drastically saving the cost and size of the system. On the other hand, as the switching
frequency is increased, the switching losses also increases. Additionally, the output
current harmonics and THD increases with increase in switching frequency.
Converter switches limit the switching frequency. IGBTs can only be operated at only
several KHz whereas MOSFETs can operate on higher frequencies. One criteria for
determination of the switching frequency is the THD limit set by the IEEE which
should be less than 5% for any harmonics above 35th harmonics. Hence an iterative
procedure described in section 3.1.3 can be implemented for proper selection of
switching frequency.

3.3.3 Design of output filter
The need of output filter comes from the fact that the output signal usually
contains harmonic components and noises generated form switching of devices. These
noises and the harmonics may cause severe consequences for the consumer products
and lower the system efficiency. A low pass filter is generally designed using inductor
and capacitors to remove out these noises and harmonics and only get smooth
fundamental component of the signal. Among L-filter, LC-filter and LCL-filter, LC
filter is most suitable, since L- filter cannot provide necessary attenuation to the
noises and the harmonics at lower switching frequencies and LCL filter can result in
high distortion of the output signal [82].
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Figure 3.5 LC-Filter.
Figure 3.5 shows the LC filter suitable for the aforementioned application
which gives a second order transfer function. High value of parallel capacitor
provides a low reluctance path to high frequency components as a result the load
obtains only the fundamental component of the input signal. The values of L and C
are calculate using the following equation that considers the amount of power
transferred to the load.
𝐶=

1
2 ∗ 𝜋 ∗ 𝑓𝑐 ∗ 𝑅𝑙𝑜𝑎𝑑

(14)

𝑅𝑙𝑜𝑎𝑑
2 ∗ 𝜋 ∗ 𝑓𝑐

(15)

𝐿=

Here the cutoff frequency of the filter is selected to be one tenth of the switching
frequency.
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CHAPTER IV
CONTROL AND FEEDBACK DESIGN
After obtaining the converter design parameters the next stage of the process is
to design the converter control. The controller design process starts with obtaining the
switching models first, which is then averaged to get an average model. A small
signal model is then derived through the average model to obtain the required transfer
functions. These transfer functions are then used to modify the gain of the system and
design the controller to obtain stability. This chapter deals with obtaining the small
signal model of the CHB and its closed loop current control using single phase D-Q
transformation to control the voltage level at HVDC link of the SST.

4.1 Cascaded H-bridge rectifier models
4.1.1 Rectifier switching model
Several research papers have been dedicated on obtaining the small signal
model from the switching model. [75] and [76] [83][84] provides detailed and clear
procedure to obtain the small signal model from the switching model. Most of the
research are based for compensation purpose in STATCOM application. The CHB
rectifier consists of three H-Bridges in series connected to a single phase 7.2KV
source that outputs a 3.8KV at each bridge output. The switches in H-Bridges are
controlled using unipolar phase shift modulation techniques such that the upper and
lower switches in each leg of the bridge are complementary to each other. Figure 4.1
shows one of the three bridges used in the CHB rectifier.

Figure 4.1 H-Bridge structure.
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The Switches S11 and S13 are complementary whereas the switches S12 and
S14 are complementary, and hence the input and output relation can be represented as
follows.
𝑉𝑖𝑛 = (𝑆11 − 𝑆12)𝐸

(16)

𝑖𝑜 = (𝑆11 − 𝑆12)𝑖𝑠

(17)

Here, if S=S11-S12 the above equations become Vin=S*E and Io=S*Is and
hence for ‘i’ number of bridges, we get
𝑉𝑖 = 𝑆𝑖 . 𝐸𝑖

(18)

𝑖𝑜 = 𝑆𝑖 . 𝑖𝑠

(19)

Figure 4.2 Switching model of CHB.
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4.1.2 Rectifier average model
The rectifier average model can be obtained through averaging the switching
function over the signal period. The average operator used to obtain the average signal
to remove higher frequency components is given by [83] [84].
1 𝑇
𝑋(𝑡) = ∫ 𝑥(𝑡)𝑑𝑡
𝑇 0

(20)

Then the average duty cycle for the converter is obtained by averaging the
duty cycle ‘𝑆𝑖 ’ over one period of time and is given by.
1 𝑇
𝑑1 = 𝑆1 = ∫ 𝑆1 (𝑡)𝑑𝑡
𝑇 0

(21)

The average output voltage using equation (18) and (21), we get
1 𝑇
𝑉1 = ∫ 𝑆1 (𝑡)𝐸1 (𝑡)𝑑𝑡 = 𝑑1 𝐸1
𝑇 0

(22)

1 𝑇
𝑖𝑜 = ∫ 𝑆1 (𝑡)𝑖𝑠 (𝑡)𝑑𝑡 = 𝑑1 𝑖𝑠
𝑇 0

(23)

Similarly,

And the total average voltage is obtained by summing up the voltage from
each bridge as.
𝑛

𝑉𝑖𝑛 = 𝑉1 + 𝑉2 +. . +𝑉𝑖 = ∑ 𝑑𝑖 𝐸𝑖

(24)

𝑖=1

Where ‘n’ is the total number of H-bridged connected in series.
To simplify the calculation, we assume the followings.
1.Each H-Bridge supplies the same load and as result the DC link voltage for each
bridge is assumed equal. i.e. 𝐸 = 𝐸1 = 𝐸2 = 𝐸3 = 𝐸𝑖 s
2.Since all the DC link voltage is assumed to be the same, each bridge duty cycle
becomes equal. i.e. 𝑑𝑎 = 𝑑1 = 𝑑2 = 𝑑3 = 𝑑𝑖
With reference to Figure 4.2, and using equation (24) the converter equations are:
𝑑𝑖𝑠
+ 𝑖𝑠 . 𝑅𝑠 + 𝑑𝑎 . 3𝐸
𝑑𝑡
𝑑𝐸 𝐸
𝑑𝑎 . 𝑖𝑠 = 𝐶
+
𝑑𝑡 𝑅𝑙

𝑉𝑠 = 𝐿𝑠
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The average model of the CHB rectifier based on the equation (25) and (26) is given
by Figure 4.3.

Figure 4.3 CHB rectifier average model.

4.1.3 Rectifier small signal model
The obtained average model is in the stationary frame. Large signal model for
CHB is obtained in the DQO frame which is then linearized to obtain the small signal
model and then the required transfer function is derived. Control of parameters is
easier in rotating synchronous frame as all the AC components are transformed into
the DC components and the linear control mechanism can be applied [84]. Clarke and
Park transformation is used to obtain DQO rotating quantities. Clarke transform is
used to transform three phase electrical quantities into stationary orthogonal quantities
in the form of α and β whereas the Park transformation is used to transform the
stationary orthogonal α and β component to rotation d and q components and is given
in the table 4.1 [85] [86] and is shown in Figure 4.4. The original phase is obtained
through inverse Park and inverse Clarke transformation.

Figure 4.4 Clarke and Park transformation [85].
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Table 4.1 Clarke and Park Transformation.
Clarke Transformation:

Inverse Clarke Transformation:

a, b, c to α-β

α-β to a, b, c

2
1
𝑖𝛼 = 𝑖𝑎 − (𝑖𝑏 − 𝑖𝑐 )
3
3
2
𝑖𝛽 =
(𝑖𝑏 − 𝑖𝑐 )
√3
2
𝑖𝑜 = (𝑖𝑎 + 𝑖𝑏 + 𝑖𝑐 )
3

𝑖𝑎 = 𝑖𝛼
1
√3
𝑖𝑏 = − 𝑖𝛼 +
𝑖
2
2 𝛽
1
√3
𝑖𝑐 = − 𝑖𝛼 −
𝑖
2
2 𝛽

Park Transformation

Inverse Park Transformation

α-β to d-q

d-q to α-β

𝑖𝑑 = 𝑖𝛼 cos(Ɵ) + 𝑖𝛽 sin(Ɵ)

𝑖𝛼 = 𝑖𝑑 cos(Ɵ) − 𝑖𝑞 sin(Ɵ)

𝑖𝑞 = −𝑖𝛼 sin(Ɵ) + 𝑖𝛽 cos(Ɵ)

𝑖𝛽 = 𝑖𝑑 sin(Ɵ) + 𝑖𝑞 cos(Ɵ)

Most of the Clarke and Park transformation is carried out in a three-phase
system. However, for single phase there is no availability of three phase a-b-c frame.
Many research paper has been published to transform single phase AC quantities into
rotation frame dc quantities. As we look at the Park transformation, the d-q
components are obtained through two stationary orthogonal signal. The orthogonal
signals can be obtained by devising an imaginary quantity which has been phase
sifted by one quarter of the period of the original signal to obtain α-β components [87]
[88] [89]. Thus, obtained α-β components are subjected to park transformation to
obtain synchronous rotating d-q components.
In order to implement single phase dq control of the CHB, we consider im to
be the imaginary phase that lags the input current is by 90º, we get,
𝑑𝑖𝑚
+ 𝑖𝑚 . 𝑅𝑠 + 𝑑𝑚 . 3𝐸
𝑑𝑡
𝑑𝐸
𝐸
𝑑𝑚 . 𝑖𝑚 = 𝐶 𝑚 + 𝑚
𝑅𝑙
𝑑𝑡

𝑉𝑚 = 𝐿𝑠
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From equation (25) (26) (27) and (28) we get the following.
𝑑𝑖𝑠𝑚 𝑉𝑠𝑚
𝑅
3𝐸
=
− 𝑖𝑠𝑚 . 𝑠 − 𝑑𝑠𝑚 .
𝐿𝑠
𝐿𝑠
𝐿𝑠
𝑑𝑡
𝑑𝐸
𝐸
𝑇 𝑖
= 𝑑𝑠𝑚 . 𝑠𝑚 −
2𝐶 𝑅𝑙 𝐶
𝑑𝑡

(29)
(30)

𝑖
𝑑
𝑉
Where, 𝑖𝑠𝑚 = [ 𝑠 ], 𝑑𝑠𝑚 = [ 𝑠 ], 𝑉𝑠𝑚 = [ 𝑠 ]
𝑖𝑚
𝑑𝑚
𝑉𝑚
The equation (29) and (30) are true for current flowing out of the source.
However, when the current is flowing into the source those equations become,

𝑑𝑖𝑠𝑚
3𝐸 𝑉𝑠𝑚
𝑅
= 𝑑𝑠𝑚 .
−
− 𝑖𝑠𝑚 . 𝑠
𝐿𝑠
𝐿𝑠
𝐿𝑠
𝑑𝑡
𝑑𝐸
𝐸
𝑇 𝑖
= −𝑑𝑠𝑚 . 𝑠𝑚 −
2𝐶 𝑅𝑙 𝐶
𝑑𝑡

(31)
(32)

Here when the imaginary phase is introduced in the system, the HVDC
capacitance double and the load resistance halves due to interaction of two current
components which are the original input current and the imaginary current.
The equations (29) and (30) are then subjected to Park transformation as
described in Table 4.1 as follows.
[𝑖]𝑑𝑞 = [𝑇]. [𝑖]𝑠𝑚

(33)

Where, [T] is the transformation matrix given by [90],
cos(Ɵ) sin(Ɵ)
]
−sin(Ɵ) cos(Ɵ)

[𝑇] = [

(34)

Hence, we get,
𝑅𝑠
−𝜔 𝑖
𝑑 𝑖𝑑
1 𝑉𝑑
3𝐸 𝑑𝑑
𝐿
𝑑
[ ]=
[ ]− 𝑠
[ ]−
[ ]
𝐿𝑠 𝑉𝑞
𝑅𝑠 𝑖𝑞
𝐿𝑠 𝑑𝑞
𝑑𝑡 𝑖𝑞
𝜔
𝐿𝑠 ]
[
𝑇

𝑑𝐸
1 𝑑𝑑 𝑖𝑑
𝐸
=
[ ] [ ]−
𝑑𝑡 2𝐶 𝑑𝑞 𝑖𝑞 𝑅𝑙 𝐶

52

(35)

(36)

Texas Tech University, Rashan Shrestha, May 2019

Figure 4.5 CHB rectifier average model.
Equation (35) and (36) provides average signal model of CHB rectifier with
time varying signal. Small signal model is obtained by introducing small perturbation
to the average model equations and linearizing as follows.
𝑅𝑠
−𝜔 𝐼 + 𝑖̃
̃ 𝐷 +𝑑
̃
𝑑 𝐼𝑑 + 𝑖̃𝑑
1 𝑉𝑑 + 𝑣̃𝑑
3(𝐸 + 𝐸)
𝐿𝑠
𝑑
𝑑
𝑑
𝑑
[
]
=
[
]
−
[
]
−
[
]
̃
̃
̃
𝐿
𝑅
𝐿
𝑑𝑡 𝐼𝑞 + 𝑖𝑞
̃𝑞
𝐷𝑞 + 𝑑𝑞
𝑠 𝑉𝑞 + 𝑣
𝑠 𝐼𝑞 + 𝑖𝑞
𝑠
𝜔
𝐿𝑠 ]
[
𝑇

̃
̃
𝑑(𝐸 + 𝐸)
1 𝐷𝑑 + 𝑑̃𝑑 𝐼𝑑 + 𝑖̃𝑑 (𝐸 + 𝐸)
=
[
]
[
]
−
2𝐶 𝐷𝑞 + 𝑑̃𝑞 𝐼𝑞 + 𝑖̃𝑞
𝑅𝑙 𝐶
𝑑𝑡

(37)

(38)

The small signal equation for the CHB are obtained by considering only the
first order AC components from equation (37) and (38) and can be written as.
̃
3𝐸 ̃ 3𝐸
𝑅
1
. 𝑑𝑑 +
. 𝐷 + (𝑆 + 𝑠 ) 𝑖̃𝑑 − 𝜔. 𝑖̃𝑞 − 𝑣̃𝑑 = 0
𝐿𝑠
𝐿𝑠 𝑑
𝐿𝑠
𝐿𝑠

(39)

̃
3𝐸 ̃ 3𝐸
𝑅
1
. 𝑑𝑞 +
. 𝐷𝑞 + (𝑆 + 𝑠 ) 𝑖̃𝑞 + 𝜔. 𝑖̃𝑑 − 𝑣̃𝑞 = 0
𝐿𝑠
𝐿𝑠
𝐿𝑠
𝐿𝑠

(40)

1
1 ̃
(𝐷 . 𝑖̃ + 𝑑̃𝑑 . 𝐼𝑑 + 𝐷𝑞 . 𝑖̃𝑞 + 𝑑̃𝑞 . 𝐼𝑞 ) − (𝑆 +
)𝐸 = 0
2𝐶 𝑑 𝑑
𝑅𝑙 𝐶

(41)
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Figure 4.6 CHB rectifier small signal model.
Equation (39), (40), and (41) represents the small signal model of CHB
rectifier. The required transfer functions are derived based on the above given small
signal model equations which will be discussed later in this chapter.

4.2 Single phase d-q vector control
A single-phase decoupled d-q vector control is used to control the output
voltage of the CHB rectifier used in this project. The grid current is transformed into
two orthogonal rotating DC d-q component and are decoupled using proper
mechanism. The synchronous rotating frame is used for control purposes as it serves
to gain infinite loop gain with zero steady state error and such that the active and
reactive power can be controlled independently giving a decoupled actin [91]. The
research on this procedure has been detailed on [74] [75] [83] [84] where the d and q
components are obtained through park transformation as described in previous section
with implementation of appropriate phase lock loop such that the d component
represents the peak value of grid voltage whereas the q component is made zero to
obtain unity input power factor. Thus, the d component of the current represents the
active power and q component represents the reactive component and decoupled
control of each can be obtained [90]. The decoupled action of d-q frame can be
obtained using equation (37) by considering only DC terms as [75] [82].
1 𝑉𝑑
1 𝑅𝑠 −𝜔𝐿𝑠 𝐼𝑑
𝐿𝑠 𝑑 𝐼𝑑
𝐷𝑑
][ ] −
𝐷𝑞 ] = 3𝐸 [𝑉𝑞 ] − 3𝐸 [𝜔𝐿𝑠
𝐼𝑞 3𝐸 𝑑𝑡 [𝐼𝑞 ]
𝑅𝑠

[
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Figure 4.7 Decoupled d-q controller circuit [74].
The plant transfer function is obtained by using the small signal model given
by equations (39), (40) and (41). The inner current loop plant transfer function is the
control to output current transfer function and outer voltage loop transfer function is
the output current to DC link voltage transfer function and can be obtained as below.
𝑖̃
Gid−dd = ̃𝑑
𝑑𝑑

(43)

̃
𝐸
G𝐸̃ −𝑖̃𝑑 = ̃
𝑖𝑑

(44)

̃ = 0 𝑎𝑛𝑑 𝑣
̃ = 0, 𝑣
̃𝑑 = 0, 𝑑
̃𝑞 = 0 in
For, d axis transfer function, we consider 𝐸
𝑞
equation (39) we get,

3𝐸 ̃
𝑅
. 𝑑 + (𝑆 + 𝑠 ) 𝑖̃𝑑 − 𝜔. 𝑖̃𝑞 = 0
𝐿𝑠 𝑑
𝐿𝑠

(45)

Applying the above-mentioned assumption to equation (40) we get,
𝑖̃𝑑
𝑅
(𝑆 + 𝑠 )
𝐿𝑠
Using equation (43), (44) and (45) we get,
𝑖̃𝑞 = −𝜔.
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Gid−dd = −

3𝐸(𝑆𝐿𝑠 + 𝑅𝑠 )
2

(47)
2

(𝑠𝐿𝑠 + 𝑅𝑠 ) + (𝜔𝐿𝑠 )

Similarly, for output current to DC link voltage transfer function we consider
the followings,𝑣̃𝑑 = 0, 𝑑̃𝑞 = 0 , 𝑑̃𝑑 = 0 𝑎𝑛𝑑 𝑣̃𝑞 = 0 then using these conditions in
equation (41) we get,
1
1 ̃
(𝐷𝑑 . 𝑖̃𝑑 + 𝐷𝑞 . 𝑖̃𝑞 ) − (𝑆 +
)𝐸 = 0
2𝐶
𝑅𝑙 𝐶

(48)

Using the same conditions in equation (40) we get,
𝑖̃𝑞 = −𝜔𝐿𝑠 .

3. 𝐷𝑞 ̃
𝑖̃𝑑
−
𝐸
𝑆𝐿𝑠 + 𝑅𝑠 𝑆𝐿𝑠 + 𝑅𝑠

(49)

Now using the equations (44) (48) and (49) we get,
̃
[𝐷𝑞 (𝑆𝐿𝑠 + 𝑅𝑠 ) − 𝐷𝑞 𝜔𝐿𝑠 ]
𝐸
𝑅
G𝐸̃ −𝑖̃𝑑 = ̃ = 𝑙
𝑖𝑑 2 [3. 𝐷2𝑞 . 𝑅𝑙 . 𝐶 + (𝑆𝐿𝑠 + 𝑅𝑠 )(𝑆𝐶𝑅𝑙 + 1)]

(50)

Here the cut off frequency is assumed to be one tenth of the switching
frequency, given by fc=0.1*3000Hz=300Hz. The bode plot for open loop transfer
function for inner current loop and outer voltage loop is as shown in Figure 4.8 and
Figure 4.9 respectively.

Figure 4.8 Open loop transfer function of inner current loop in d axis frame.
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Figure 4.9 Open loop transfer function of outer voltage loop.

4.3 Voltage balance strategy
The DC link voltage is controlled by using single-phase vector control method
to regulate the output voltage and the reactive, which in this case is referenced with
zero. The basic idea of voltage control is to change the duty cycle of each H-bridge so
that the equal amount of power is transferred from each bridge. As explained in the
earlier section the d-axis and q-axis duty cycle is generated using decoupled d-q
controller circuit as shown in Figure 4.7. The input current is phase shifted by 90º to
obtain an imaginary phase representing α-β signals in orthogonal stationary frame. A
phase lock loop is then used to align the synchronous rotation currents with the grid
frequency.

Figure 4.10 Single-phase decoupled dq control [75].
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As shown in Figure 4.10 the outer control loop generates the id reference
signal for the inner current loop by comparing the output voltages to reference
voltage. Thus, generated d-axis and q-axis duty cycle is then used to control the
individual bridge voltage. Each bridge output voltage is compared with the reference
signal and d-axis error signal is generated. The error signal is then added with the
original duty cycle dd. Thus, generated duty cycle is then converted back to α-β frame
and only α value is considered to generate the control signals which is then fed to
PWM generator circuit as shown in Figure 4.11. The triangular carriers for each
bridge is shifted by 120º so as to obtain the staircase voltage waveform at the input of
the CHB rectifier [90]. On the other hand, the control of reactive component of input
current remains unaffected by the d-axis control. Hence the reactive power can be
independently controlled based on the reference input value.

Figure 4.11 Voltage balance controller.
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CHAPTER V
SIMULATION AND RESULTS
All the simulation is carried out in MATLAB/SIMULINK software where
only the switching models were simulated due limited scope of this thesis. In addition
to that the forward current flow is only considered during the simulation which can
also be implemented in similar fashion for reverse power flow. Furthermore, the ideal
diode and IGBT models were used during the simulation.

5.1 Cascaded H-Bridge Simulation and Result
5.1.1 Open loop simulation of CHB
During the open loop simulation process, a seven level CHB stage is simulated
individually by using the parameters that have been calculated in chapter 3 without
any feedback control to regulate the output DC voltages. During the simulation the
ideal IGBT switches are used to represent 6.5KV IGBT. Each bridge is controlled by
PWM signals generated through the carrier and control signals where the triangular
carriers are shifted to get a staircase voltage at the input of the rectifier.

Table 5.1 CHB simulation parameters.
Parameters

Value

Input AC mains

7.2KV

Switching frequency

3000KHz

Power Rating

50KVA

Line Inductance

30mH

Line resistance

0.25Ω

HVDC capacitance

160μf
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Figure 5.1 CHB PWM generation circuit in Simulink.
Figure 5.1 shows PWM generation circuit for seven level CHB rectifier where
the two sinusoidal control signal which are 180º out of phase from each other is
compared with triangular carriers for each bridge so as to generate unipolar PWM
pulses. The triangular carrier for second and third bridge is shifted by 120º and 240º
respectively as shown in Figure 5.2.

Figure 5.2 Phase shifted triangular carriers(upper) and 180ºout of phase control
signals(lower).
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Figure 5.3 PWM pulsed for three bridges.
Figure 5.3 shows the PWM pulses for the three H bridges for first, second and
the third bridge respectively which are phase shifted by 60º to each other. Since the
switching devices are considered lossless and there is instantaneous turn on and turn
off, the dead time for the switches is not considered here.

Figure 5.4 Seven level CHB circuit in Simulink.
Figure 5.4 shows the CHB rectifier circuit in Simulink with three H-Bridges
connected in series with each other. A HVDC capacitor is connected to each bridge
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along with the output resistors. The DC voltage across each bridge is measured. The
load across the bridge 2 is changed from 100% to 80% of full load at 1sec and back to
100% load at 3sec to show the change in output DC voltage without any voltage
regulation. Two step function and an additional load is used to vary the load as shown
in Figure 5.4.

Figure 5.5 Input voltage(upper) and input current(lower).
In the above Figure the position of the “cursor 1” gives the peak of the input
current and the position of the “cursor 2” gives the peak of source voltage that shows
the input current is lagging the source voltage and hence supplies reactive power to
the load.

Figure 5.6 Input voltage of CHB rectifier.
Figure 5.6 shows the input side voltage of the CHB rectifier with seven
voltage level obtained through Phase Shift Modulation used to control the converter
circuit.
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Figure 5.7 DC link voltage at each bridge.

Figure 5.8 Output DC voltage ripple.
Figure 5.7 shows the DC link voltage at each bridge with the load in second
bridge decreased to 80% of full load at 1sec and back to full load at 3sec. Figure 5.8
shows the output DC voltage ripple to be 151V (below 5% of 3.8KV).
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Figure 5.9 Input power.

Figure 5.10 Output power in each bridge.
Figure 5.9 shows the rated input active power (54KW) and the reactive power
supplied by the source. There is a slight increase in the input power at 2 sec due to
decrease in load of bridge 2. The input power goes to normal at 3 sec when the load
disturbance is removed from the circuit. Figure 5.10 shows the change in active power
at the output of each bridge due to load change. 25% change in load resulted in 17%
increase in power in first and third bridges and 32.65% decrease in power in second
bridge
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Figure 5.11 THD level for input current.
In Figure 5.11 shows the total harmonic distortion for the input current to be
24% which is above the THD IEEE limit. This is due limitation in the simulation
software. The increase in the switching frequency decreases the THD level. However,
increase in switching frequency slows down the simulation significantly.
Additionally, the increase in line inductance can also decrease the THD level. On the
other hand, larger the line inductance larger the voltage drop in the line causing the
HVDC voltage to drop. Since the aim of the thesis is not to decrease the harmonic
content in the input current but to regulate the voltage levels, the appropriate value of
inductance was chosen.

5.1.2 Closed loop simulation of CHB
In design of the controller for front end CHB rectifier, this paper only consists
of buck mode of operation where the power flows from medium voltage grid towards
the low voltage grid such that the output DC voltage needs to be controlled. The
output DC voltage is kept at a constant value with the use of controller as shown in
Figure 5.12. The input current is measured and then transformed into the dq-frame.
The outer voltage loop generates the referenced dq values and the PI controller is then
used error compensated values.
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Figure 5.12 MATLAB simulation circuit for CHB controller.
The α-β components as shown in Figure 5.13 are generated by introducing a
quarter cycle delay to the input current to obtain two orthogonal signals in the
stationary synchronous frame. A variable transport delay is used in the simulation to
achieve this as shown in Figure 5.12. The orthogonal pair is then subjected to α-β-0 is
then subjected to α-β-0 to d-q-0 transformation to obtained id and iq value as shown
in Figure 5.14.

Figure 5.13 α-β current in stationary frame.
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Figure 5.14 id and iq current.
For control of each bridge voltage, the individual DC link voltage of first and
second bridge compared with the reference voltage to generate the error signal which
is then fed to the PI controller. The signal generated from PI controller is then added
to the original control signal and then transformed back to α-β coordinates. The β
component is neglected and only the α component is considered. For the third bridge,
the control signal obtained from the PI controller of first and the second bridge is then
subtracted to get a new control signal to maintain the overall voltage of output DC
voltage constant. Thus, obtained control signals are then sent to PWM generator block
where they are compared with the triangular waveform to generate switching pulses
for the converters. The schematics for individual bridge voltage balance is as shown
in Figure 5.16 below.

Figure 5.15 Control system design of the plant.
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Figure 5.16. Individual bridge voltage balance controller.
The PI controllers for each loop was tuned by linearizing the plant as shown if
Figure 5.15 where the inner current controller uses the open loop transfer function
given in equation (47) and the outer voltage loop uses the open loop transfer function
as given in equation (50). The cutoff frequency of 1260 rad/s for inner current loop
and 114 rad/s for outer voltage loop was chosen which resulted in stable current and
voltage loops.

Figure 5.17 Closed loop transfer function of inner current loop in d axis frame.
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Figure 5.18 Closed loop transfer function of outer voltage loop.

5.1.3 Response to load change
The closed loop simulation of the CHB rectifier was carried out in order to
maintain a constant voltage level at the HVDC link as a response to change in load in
each bridge. In the simulation the second bridge of the is initially loaded with a load
of 867Ω representing a 76.67KW power. Then at 2 seconds the load was change to
650.25Ω representing a 25% decrease in load as shown in Figure 5.19.

Figure 5.19 Schematic Showing the load change.
The parameters used during the simulation of the control block is as shown in
table below.
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Table 5.2 Control Simulation Parameters.
Parameters

Value

Input AC mains

7.2KV

HVDC voltage

3.8KV

Switching frequency

3000Hz

Power Rating

50KVA

Line Inductance

30mH

Line resistance

0.25Ω

Output capacitance

160μf

Output load in each bridge

867 Ω

Current loop control parameters (P, I)

-37.7483092, -829.79254684515

Voltage loop control parameters (P, I)

0.016796724566, 1.03256446976

Figure 5.20 Output Voltage response to load change.
The system control was not introduced until 0.8 sec, after which the individual
bridge voltage converges to 3.8KV. The load change was made at 2 seconds during
which a slight change in individual bridge voltage is seen. It takes 158ms for the
controls to make the individual voltage to converge to reference voltage of 3.8KV.
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Figure 5.21 Voltage deviation and convergence time.
The maximum voltage deviation for 25% load decrease was seen to be a
decrease in 64.22 volts for the third bridge and increase of 7.6 volts for the first bridge
which is significantly less than the steady state voltage of 3.8KV and do not possess
any significant voltage stress on the switches. Additionally, the investigation was
done for different load change scenarios and was found that the PI controller was able
to regulate the output voltage for a maximum load decrease of 25% as evident in
Figure 5.22 below.

Figure 5.22 Output voltage under different load variation (a) 25% load decrease, (b)
30% load decrease, (c) 40% load decrease, (d) 45% load decrease.
In addition to the voltage control, the PI controller also decreases the harmonic
contents of the input current from 24% to 10.86% as shown in the Figure 5.23 below.
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Figure 5.23 FFT analysis of Input current with the controller.

5.2 Dual Active Bridge Simulation and Result
The DAB isolate bidirectional converter was simulated using ideal IGBT
switch along with antiparallel diodes. 6.5KV IGBT switches can be used in the high
side converter whereas the low side converter can be constructed using 600V IGBT
diodes. The input voltage to the high voltage DC side was assumed to be a constant
value of 3.8KV supplied by input CHB rectifier. Other parameters for operation of
DAB are listed in Table 5.3.
Table 5.3 DAB Simulation Parameters.
Parameters

Value

Input DC voltage

3.8KV

Output DC voltage

400V

Switching frequency

20KHz

Power Rating

16.67KVA

Minimum Leakage Inductance

62.5μH

Minimum LVDC capacitance

6.5mf

The switching pulses were generated using a sawtooth generator and a
constant signal to get 50% duty cycle pulses. The switching pulses for the secondary
bridges are shifted by a positive 90º for power flow from medium voltage side to

72

Texas Tech University, Rashan Shrestha, May 2019

reverse voltage side. For reverse power flow, the phase shift angle is taken as negative
90º.

Figure 5.24 Traditional Phase Shift PWM Pulses for DAB bridges
Figure 5.24 shows the pulses for primary side bridge and the secondary sided
bridge by using Traditional Phase Shift PWM technique in which the pulses are
shifted by 90º (0.25*Ts) with a 0.5 duty cycle between two bridges. Additionally, the
high frequency transformer used in the DAB is modeled as the its effective leakage
reactance which has been calculated in previous chapter. The primary and the
secondary winding resistance are considered very small. The voltage drop in the
leakage inductance causes the current to flow through it there by transferring the
power to the output of DAB.
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Figure 5.25 MATLAB simulation circuit for DAB.

Figure 5. 26 Waveform showing primary voltage(V_h1), the secondary voltage(V-l1),
the inductor current(I_l1) and inductor voltage(V_lk1) for TPS PWM.
For the traditional phase shift (TPS) modulation of DAB, the amount of power
flow is governed by the leakage inductor of the high frequency transformer and as a
result the large circulating current is present in the transformer core [73] as shown in
Figure 5.26 which is the amount of power loss in the converter. The voltage level at
the output of the transformer is obtained to be 400V DC which is the required voltage
output for the simulated system. The excess voltage is made to drop in the leakage
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inductance for required power transfer with the turn ratio of the transformer being
kept at unity.

Figure 5.27 DAB converter switch voltage and current for TPS PWM
Figure 5.27 shows the one of the primary(upper) and secondary(lower) switch
voltage and the current. Even though the complexity of realization of the control is
significantly less, the range of the ZVS of the converter is limited through the use of
TPS as can be seen in above figure. The ZVS range further decreases if the turn ratio
of the transformer deviates from unity which is required to avoid larger leakage
inductor. On the plus side the voltage stress on the secondary switches can be reduced
by having most of the voltage drop on the leakage inductor. However, the size of the
leakage inductor would have be significantly higher for larger voltage drop to occur
giving rise to more circulating current.
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Figure 5.28 Waveform showing primary voltage(V_h1), the secondary voltage(V-l1),
the inductor current(I_l1) and inductor voltage(V_lk1) for EPS PWM.
More efficient way of DAB control is the Extended Phase shift (EPS) was also
simulated using the same model and the load. As can be seen form Figure 5.28 the
phase shift between the primary and the secondary bridges were made to be 90º and
the phase shift between the two cross connected switch in the primary bridge was
made to be 45 º, thereby satisfying the phase shift ratio as stated in[69] to obtain three
level voltage waveform at the primary and two level voltage at secondary as shown in
Figure 5.28. The analysis of the inductor current in the Figure 5.28 also shows the
area representing the circulating current (between the two vertical axis and x-axis) is
significantly reduced as compared to the TPS method and hence the power loss is
minimized.
On the other hand, the output voltage is increased to 1200V, which only shows
the power transfer can be easily controlled by the phase shift between the switches
and not necessarily depend solely on the size of leakage inductance as in the case of
TPS PWM.
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Figure 5.29 DAB converter switch voltage and current for EPS PWM

With the same loading in the DAB converter the ZVS range increased by the
use of the EPS modulation technique as evident in the Figure 5.29. The current in
primary and secondary switches start to flow when the voltage across the switch is
zero. This means the voltage and current overlap area is significantly reduced there by
reducing the switching losses of MOSFETs or IGBTs. The output voltage level can be
controlled without requiring increasing the size of the leakage inductor by changing
the turn ratio of the transformer without compromising the ZVS range of operation.
The circulating current in the transformer is further reduced by adding another
degree of freedom to the switching states to EPS by providing an additional phase
shift to cross connected switches in the secondary bridge as well giving rise to Dual
Phase Shift modulation (DPS).

77

Texas Tech University, Rashan Shrestha, May 2019

Figure 5.30 Waveform showing primary voltage(V_h1), the secondary voltage(V-l1),
the inductor current(I_l1) and inductor voltage(V_lk1) for DPS PWM.
Figure 5.30 shows that the voltages in two bridges are shifted by 90º in
addition to a 45 º phase shift between the cross connected switches in each bridge
thereby obtaining three level voltages in each side of the transformer. Due to this, the
current circulating area is significantly reduced as compared to TPS and EPS PWM
techniques thereby further reducing the power loss and maximizing the power transfer
through the DAB module. In regard to the ZVS of the converter switches using DPS
PWM, waveform similar to that of EPS PWM was obtained as shown in Figure 5.31
signifying larger ZVS operating range as compared to the TPS PWM.

Figure 5.31 DAB converter switch voltage and current for DPS PWM
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5.3 Cascaded H-Bridge (CHB) Inverter Simulation and Result
The seven level CHB was chosen as the output inverter primarily because of
the different level voltage it can generate minimizing the output voltage and current
distortion which is required by the consumer end appliances and for connectivity in
the grid. The input to the inverter was 400V DC, for which 600V IGBT can be used
as switches in the converter. A Phase Shift PWM was used for the control of the
output inverter. The specifications of the system are given in the table below.
Table 5.4 CHB inverter system parameters.
Parameters

Values

Input DC Voltage

400V

Switching frequency

50KHz

Output filter inductance

160μH

Output filter capacitance

6.5 μf

Figure 5.32 MATLAB simulation circuit for CHB Inverter.

The output voltage value of the inverter is changed according to the
modulation index of the modulating wave. For the purpose of obtaining various
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values of output voltages, the modulation index was varied from 0.20 to 0.90 and the
voltage level was noted down along with the THD of the unfiltered output current and
unfiltered output staircase voltage. The triangular carrier waves are generated with a
phase shift of 60º for the second bridge and 120 º for the third bridge in order to
generate the various level of voltage waveform. The circuit for generation of the
PWM pulses is similar to that used for the rectifier stage with just the difference in
phase shift angle.

Figure 5.33 CHB inverter Output waveforms
The waveform in Figure 5.33 shows a seven-level output voltage level(upper)
and the filter output voltage along with the unfiltered output current. The THD for the
unfiltered voltage and the current was found to be 0.28% and 22.49%. The
modulation index used was 0.9 and as a result, the output voltage level as given by
equation (1) is 783 volts. Different voltage values were obtained by varying the
modulation index and their values along with the respective THD were noted down
for comparison purposes in Table 5.5 below.
Table 5.5 Variation of THD with modulation index.
Modulation Voltage(V)

Voltage THD (%)

Current THD (%)

index
0.2

266.7

106.1

1.409

0.4

441.2

44.59

0.55

80

Texas Tech University, Rashan Shrestha, May 2019

Table 5.5 Continued
0.6
536.3

33.51

0.466

0.8

726.4

24.37

0.34

0.9

766.67

22.49

0.28

0.98

810.7

19.31

0.242

Figure 5.34 THD of unfiltered output voltage at 0.98 MI.
As evident by the values obtained through simulation, the total harmonic
distortion goes on increasing with decrease in modulation index of the PWM signal
and hence the use of inverter at lower modulation index requires output filter to
remove the harmonic contents.

5.4 Summary
This chapter presents the MATLAB simulation of the different SST stages
which includes the front end seven level CHB rectifier, a DAB DC/DC converter and
the seven level CHB inverter. The theoretical calculation provided in the third chapter
has been implemented to get desired output waveforms. The voltage balancing
technique is implemented to control the voltage unbalance at the output of CHB
rectifier bridge by the use of single-phase vector control method and the output
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voltage is maintained at approximately 3.8KV. The CHB small signal model derived
in the fourth chapter is used to design the controller circuit and its parameters. With
the designed controller the maximum load change can be 25% decrease. Any further
decrease in load causes the output voltage to oscillate across the mean instead of
reaching a steady state.
The operation of DAB converter is also verified through simulation here. The
power transfer technique through different phase shift modulation technique is
presented and has been concluded that minimum power loss can be achieved through
DPS PWM techniques. The ZVS of one of the primary and secondary switch
waveform is also provided giving the overview of ZVS range in DAB converter. It is
found through the simulation that the range of ZVS for converter switches can be
increased by using EPS and DPS PWM techniques. Furthermore, it is also shown that
unlike TPS, the power transfer using EPS and DPS is less dependent on the leakage
inductance value but more dependent on the phase angle shift between primary and
secondary bridges as well as angle between cross connected switches in each bridge.
Additionally, CHB inverter stage presents the output voltage and current
waveform showing seven level output voltages, with reduced harmonics. The output
harmonic comparison has been done for different modulation index used to obtain
different voltage values and can be seen than minimum distortion is obtained when
the modulation index is the highest. However, the THD levels are much higher than
that set by IEEE, hence further measure should be taken to reduce the THD level
below 5%.
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CHAPTER VI
CONCLUSION
6.1 Conclusions
This final chapter presents the summary of work done for preparation of this
thesis and the contribution it makes and draws several conclusions. Future work
recommendation is also included at the end of the chapter for further research and
developments.

6.2 Summary
This thesis report presents a Cascaded H-bridge based Solid State Transformer
with CHB as main component at the rectifier as well as the inverter side separated by
an isolated bidirectional high frequency based Dual Active Bridge converter for the
connection of medium voltage grid and the low voltage grid and/ or load. The main
objective of the project is to implement different switching techniques used for
converters applicable for SST operation in a SIMULINK model and verify the
operation by connecting a 7.2KV grid to a 400V distribution system. The thesis is
divided into several chapter so as to individually study the different aspects of SST
operation.
Literature review of state-of-the-art SST technology is presented in chapter
two that deals with current progress in the field of SST application including several
SST topologies that have been developed. Among those topologies a three-stage
topology with HVDC link and LVDC link is selected for this thesis. In addition to
that, several converters that can be used at different stages of SST is presented. CHB
is selected for the input and the output stage because of its advantages over other
multilevel converters which include generation of higher number of output voltage
level as compared to other converters, use of a smaller number of passive elements
such as diodes and capacitors for voltage balancing, requirement of small size
snubbers, etc. Although limited by the requirement for isolated DC sources for each
bridge, the simplicity in construction and control makes it more attractive. The Phase
shift PWM technique is used to control the operation of the converter in the CHB. A
DAB converter is used for DC to DC conversion stage with high frequency
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transformer. The use of high frequency transformer for isolation and the requirement
of few number of passive elements along with ZVS property of DAB makes it more
attractive than other DC/DC converters. The operation of DAB with several Phase
Shift Modulation techniques has been simulated and the result has been provided in
this paper.
Mathematical equations and relations along with some ideal assumptions are
used for the design of several components for the converters used in different stages
of SST. These component design includes selection of input side series inductor and
the switching frequency of the CHB rectifier along with the output voltage level and
the HVDC link capacitor. For DAB converter, the selection of the transformer turn
ratio and the leakage inductance is given more priority than the selection of input and
output capacitance. The switching frequency for the DAB converter is chosen based
on literature review. To solve the problem of varying voltage at HVDC link due to
load change, the feedback controller for the CHB rectifier is designed based on small
signal model of the multilevel converter. The small signal model is derived starting
from the switching model which is then transformed into rotating d axis and q axis
frame for independent active and reactive power control. The small signal model
equations are then used to obtain the transfer functions to get the bode plot and obtain
the PI controller values.

6.3 Major contributions of this thesis
Based on the objective of the thesis, in this project the simulation of the
different stages of SST is carried out and the simulation result show the following
conclusions.
1. Simulation of proper operation of CHB multilevel converter and description of
PWM control technique. The multilevel converter used here is to interface
7.2KV grid by the use of currently available IGBT switches. For connection to
even higher voltage level, the number of series bridges can simply be
increased without depending on high rated switches. The multi-level voltage
waveform obtained at the input of rectifier and output of the inverter is due to
the phase shift PWM technique which significantly reduces the input as well
as output harmonics.
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2. Simulation of dq vector control for single phase system with decoupled
operation on active and reactive components of input current so as to maintain
the DC link voltage firm. The challenges in obtaining two orthogonal
components from a single-phase component for dq transformation is tackled
and proper way for decoupling the d and q reference frame is established using
the small signal model equations.
3. Simulation of DAB converter for bidirectional power flow. The flow of power
from either side of the DC/DC converter can be controlled by implementing
proper modulation technique where the phase shift angle between the input
and output converter determines the direction of power flow and power flow
amount. Positive phase shift angle enables the power to flow input side to
output side and vice versa. It can be concluded that with application of
improved Phase Shift Modulation, the power flow can be increased without
needing to depend on the leakage inductance of transformer and the power
loss in the core can be minimized. The switching loss in the converter can be
minimized by achieving the inherent ZVS present in the DAB converter
through various modulation techniques (EPS and DPS).
4. Simulation of CHB inverter for investigation of effect of modulation index on
the output voltage and voltage harmonics. It can be concluded from the
simulation that the reduction of output voltage harmonics can be achieved by
the used of higher value of modulation index during switching of converter
switches. Cheaper and low voltage rated switches can still be used to obtain
high output voltage level with significant harmonic reduction if the cascaded
multilevel structure is implemented at the consumer side.

6.4 Recommendation for future work
This thesis has presented the working of several converters used in different
stages of SST along with the control of HVDC link voltage due to load change for
connection of MV grid with LV distribution system or consumer load. Although the
performance of the system was satisfactory, several simulation aspects still needs
more investigation which include the followings.
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1. Control system design for each stage
This thesis is limited to controller design for the front-end rectifier only. The
controller for DAB converter stage and the inverter stage can be designed and
studied. The voltage balance control method in this thesis can be extended for
controlling both active and reactive power according to need of the load or for
the purpose of compensation. Investigation and implementation of more
modern control methods such as Fuzzy Logic controller and Neural Networks
is an added direction towards improving the SST application controls.
2. Modularity of the converters
The single-phase converters can be connected in parallel to form modular
structure which helps in increasing the system performance and the power
rating of the devices. In this sense the, the switching frequency of the
converter can be increased further reducing the size of passive elements and
size of the isolating transformer. The voltage stress in the switches can be
significantly reduced through modularity and as a result larger amount of
power can be transferred by using the same rated switches.
3. Implementation of Protection systems
This thesis does not investigate the effects of faults on the system. Faults such
as short circuit fault, ground fault, etc. needs to be simulated and studied and
proper protection mechanism should be applied to tackle the fault condition
without jeopardizing the reliability of the system. The fault protection system
can be hardware based or thorough proper controller mechanism. The
islanding operation of the SST during and after the fault needs more study.
4. Design of high frequency transformer
Another aspect of SST that this thesis does not include is the detail design of
high frequency transformer. Selection of core materials, structure of the core,
winding materials and size along with cooling and installation needs deeper
study if it is to be operated at high voltage high frequency condition bearing in
mind the size and weight constrains of SST application. The effects of
consecutive operation of grid tied mode and islanding mode of SST on high
frequency transformer is another area of study.
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5. Cost and efficiency analysis
After everything said and done, it really comes down to how much would the
system cost the designer? This question is not at all covered in this thesis. As
SST used larger number of high rated power electronics switches (32 switches
for single phase and 96 switches for three phase) and several high frequency
transformers (3 for single phase and 9 for three phase), the cost of all the
equipment and the design should be compared with how much would the
design save after it has been completed. In addition to the cost, the efficiency
of the system should also be kept in mind. Conventional low frequency
transformers are much robust and very efficient as compared to high
frequency transformers and due to which it is highly required to have a detail
study concerning the efficiency improvement of the overall SST system.

The final conclusion of this thesis can now be put together and can be stated
that the SST topology is properly designed and simulated. The performance shown
through the simulation is satisfactory and is able to address some of the challenges
provided by ever advancing power system grid network.
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