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ABSTRACT 

 

In this dissertation, several new approaches to interface the renewable energy 

resources to a utility grid are explored. It is shown a DC collection grid is preferred due to 

its simplicity, low cost in terms of structure and low losses.  

In the first study, a medium voltage DC collection grid photovoltaic PV power 

plant using 12-pulse SCR converter and line frequency phase-shift transformer is 

presented. The proposed concept includes a new hybrid step-up DC-DC converter to boost 

the PV plant voltage to the medium voltage scale. The features of this topology are simple, 

bidirectional power flow, and reliable due to the absence of the DC link capacitor. The 

key point to improve the power density of power electronics converters is to minimize the 

magnetic elements inductor/transformer, and eliminate DC link capacitor if it is possible. 

Responding to this key point, the second study proposes a medium voltage DC 

collection grid for large-scale PV power plant using 12-pulse SCR converter and 

employing an integrated medium frequency (720 Hz) solid-state transformer. The 

advantages of this topology are simple, easy to control, higher power density, eliminating 

the need of DC link capacitor, and bidirectional power flow capability.  

To improve the reliability, efficiency and power density for the second study 

further, an open delta phase-shift medium frequency solid-state transformer is proposed. 

The analysis and simulation results show that the open delta concept has the same quality 

performance as the second approach.   
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In the final study, a tractive bidirectional power flow current source converter 

using selective harmonics elimination SHE pulse width modulation PWM technique is 

proposed. This approach is employing a high frequency (20 kHz) integrated solid-state 

transformer for galvanic isolation. The analysis shows a very good input current quality 

by removing the low order harmonics e.g. (5th, 7th, 11th, 13th). Bidirectional power flow is 

allowable to use this approach for either renewable energy harvesting or electrical vehicle 

EV charging system.  

In general, the results of this dissertation show that the presented topologies have 

beneficial features in terms of bidirectional power flow, simplicity, high reliability, good 

input current quality, and high power density compared to the conventional approaches.  
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1. INTRODUCTION 

1.1. High Power Switching Devices 

 In the middle of 1980, when the gate turn-off thyristor GTO 4500V was 

commercially available, the high power converter and medium voltage scale started. The 

GTO was the standard for the medium voltage scale until the insulated gate bipolar 

transistor IGBT and integrated gate commutated thyristor IGCT come to the picture in the 

late 1990s [1]. These switching devices have been used widely in the medium voltage 

power electronics converters due to their reliability and superior switching characteristics 

in terms of low power losses and easy to control [2]. Figure 1-1 shows semiconductor 

power device ratings versus their switching frequency and applications. 
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Figure 1-1 Semiconductor power devices ratings versus switching frequency and 

their applications. 
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Mainly, there are two types of switching devices for high power converters: Thyristors 

and Transistors [3]. The first group involves silicon control rectifier SCR, gate turn-off 

thyristor GTO, and integrated gate commutated thyristor IGCT. The transistors include 

insulated gate bipolar transistor IGBT and injection enhanced gate transistor IEGT. Other 

switches have not gained significant attention in high power application such as power 

MOSFET, emitter turn off thyristor ETO [3]. Table 1-1 shows different high power 

switching devices in terms of their voltage, current ratings capability. 

 

Table 1-1 High power switching devices for different manufacturers in terms of 

their voltage, current ratings capability, and their applications. 

 

 

1.1.1. Silicon Control Rectifier SCR 

Silicon control rectifier SCR is an essential switch in the high power converter 

applications especially in high voltage direct current HVDC, because it is reliable and 
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robust. Some SCR switches can carry up to 4500 A with blocking voltage capability up to 

8500 V [3,5]. Figure 1-2 shows the structure of a power diode, and SCR switch. The diode 

has two terminals anode (A) and the cathode (K). However, the SCR has three terminals 

anode (A), cathode (K), and the gate (G). Once the gating signal is applied to SCR, the 

layers between junction (J2) and junction (J3) becomes negative (N), and SCR becomes a 

PN- junction device same as a diode. SCR works similarly like a diode, but the starting of 

conduction can be controlled using the gating signal. Figure 1-2 (c) demonstrates the 

gating signal. It can be considered as a control diode because if there is no gating signal 

(ig=0), it can behave as an open circuit, as shown in Figure 1-2 (c). If the voltage across 

SCR VAK increases, there is small leakage current flows, but if this voltage reaches the 

breakdown limit, the switch will breakdown either in the forward or reverse direction (see 

Figure 1-2 (c)). If the gating signal is applied, the VAK dramatically decreases, and it works 

like a diode. IL is the latching current, which is the minimum anode current IA that is 

required to switch SCR on. Once anode current IA reaches IL, the gating signal can be 

removed (Ig=0), and SCR will be on as long as the anode current IA is bigger than or equal 

to the holding current Ih, which is the minimum anode current to keep the SCR on [4,6]. 

Figure 1-3 explains SCR’s on-off switching characteristics. The transition from off state 

to on state requires (𝑡 𝑜𝑛 = 𝑡 𝑑 + 𝑡 𝑟), 𝑡 𝑑 is the delay time and 𝑡 𝑟 is the rise time. The 

transition from on state to the forward blocking state is called the commutation transition 

or turn off time (𝑡 𝑞 = 𝑡 𝑟𝑟 + 𝑡𝑔𝑟), 𝑡 𝑟𝑟 is the reverse recovery time and 𝑡 𝑔𝑟 is the gate 

recovery time. SCR has four layers and three junctions. 
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Figure 1-2 High power semiconductor devices (a) SCR, (b) Diode, (c) SCR’s 

characteristics, (d) diode’s characteristics. 

 

1.2. Introduction to AC and DC Collection Grid 

In general, for large-scale renewable energy solar/wind turbine resources, these 

resources can be harvested using either AC collection grid or DC collection grid 

[7,8,18,19]. Figure 1-4 shows the schematic diagram of the AC collection grid and DC 

collection grid. The disadvantages of the AC collection grid include the required of large 

size line frequency filters and step-up line frequency (50/60) transformer. Moreover, the 

AC collection grid uses many distributed DC-AC inverters, which results to decrease  
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Figure 1-3 SCR turn on and turn off switching characteristics. 

 

stability, reliability, and increases losses of the system [9]. However, the DC collection 

grid is another option to harvest the large-scale renewable energy resources. It composes  

one central inverter interfaced with the utility grid via line frequency transformer, as 

shown in Figure 1-4 (b). Another feature of the DC collection grid is the absence of 

reactive power in the DC side cables. Many research approaches show that increasing the 

PV plant DC voltage system from 1000V to 1500V has the advantages of improving 

efficiency, decreasing size, complexity, and losses. [10,11,12]. According to the First 

Solar in 2016 [10], the new architecture of 1500V medium voltage direct current MV DC 

PV power plant removes the DC combiner boxes and enables the use of DC-DC 

converters. The output voltages of these DC-DC converters can be easily boosted to 

multiple string voltage levels, which is 1500V. The higher DC voltage decreases current 

and results to travel long distances to the nearest substation [13]. 
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Figure 1-4 Schematic diagram of large-scale PV power plant. (a) AC collection grid, 

(b) DC collection Grid. 

 

Using the medium voltage DC collection grid eliminates the PV array field inverters, 

transformers, AC equipment cabling systems from the PV plant side, which reduces the 

cost of installation, and reduces labor in the field. Furthermore, the MV DC collection grid 

is ready to accept the battery storage systems. Finally, the MV DC grid enables the use of 

one central inverter for the grid-tied via line frequency transformer [12,13]. However, the 

central inverter’s switches IGBT/ MOSFET have limitations to handle high power. 

Comparing MV DC collection architecture with the pre-existing AC collection grid, the 

DC collection one can achieve a reasonable cost structure. In response to these points, this 

dissertation proposes a medium voltage DC collection grid for large-scale PV power plants 

using multi-pulse SCR converter and zig-zag phase-shift transformer. In order to 

overcome the limitations of handling high power in the medium voltage scale. SCR 

switches can be used because they are more reliable, robust, and less expensive compared 

to IGBT/MOSFET, according to [14]. 
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1.3. Large Scale PV Plant 

For large scale PV plant, the solar/wind electricity cost is less than the conventional 

generation according to [10,15]. The reasons behind dropping the solar price are the 

reduction of the module cost and the balance of system BOS. The BOS involves the cost 

of the inverter, structure, labor, design, and engineering. According to the cost of energy 

analysis at Lazard Levelized website, the solar/wind price per MWh is decreased [15]. In 

2017, Arizona utility company signed a contract to buy electricity from a 100 MW PV 

plant (0.3 cents/ kWh). In 2017 in Austin, Texas, the price went down to about (2.5 cents/ 

kWh) for 150 MW of solar farm. Figure 1-5 shows the dropping of price unit per MWh 

for large-scale PV plant and wind turbine from 2009 till 2018.  
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Figure 1-5 Price unit/ MWh for both wind and solar according to Lazard Levelized 

cos of energy analysis. Reprinted from [15]. 

 



 

8 

 

 

Figure 1-6 Utility scale PV plant in Arizona AGUA CALIENTE 290 MW, AC 

connection 500 kV in 2010. Reprinted from [10]. 

 

Figure 1-6 shows a typical PV plant 290 MW in Arizona. It composes PV panels, power 

conversion to convert the DC power to AC power and substation to aggregate the total 

power to send it to the transmission grid. According to the First solar, 1500V DC PV plant 

is more beneficial than 1000V DC PV plant because the higher voltage means low losses, 

smaller number of conversions, smaller number of connections (wrings) [10]. 

1.4. Power Density 

     In this dissertation, the power density of a power electronics converter is defined 

as the ratio of total power process through a converter (watt) to the total volume occupied 

by that power converter in (dm3) as given by (1.1) and shown in Figure 1-7. It is desired 

to have a high power density for power electronics converters, especially for high power 
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grid-tied systems, because it reduces the cost in terms of installation and maintenance. 

Having high power density means a small footprint of power electronics converters. 

 

Power Densidy =
Total power process (w)

Total volume ocupied  (dm)3
 

(1.1) 

 

The power electronics converter’s components that have the highest impact on the 

power density are the magnetic components such as inductors/transformers, total 

capacitors, including EMI filters and DC-link capacitors and the cooling system 

(heatsinks). Figure 1-8 shows the volume breakdown of power electronic converter 

components for non-isolated 10 kW DC-AC inverter [16]. VL is the total volume occupied 

by inductors, VC is the total volume occupied by capacitors and VSink is the total volume 

occupied by heat sinks. For 4 kHz, the total volume occupied for a two-level voltage 

source inverter with a boost converter (2LVSI+BC) is (5.06 L) (1L=1 dm3).  

 

 

Power 
Electronics

Converter

Power in Power out

 

Figure 1-7 Power density of power electronics converter. 
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Figure 1-8 Volume breakdown of employed components for different switching 

frequency. VC is the total capacitors volume, VL is the total inductors volume and 

Vsink is the volume of required heatsinks for 10 kW non-isolated DC-AC inverter with 

boos converter. Reprinted with the permission from © 2013 IEEE [16]. 

 

 

The volume break down as follows: the inductors volume is occupied about 4.21 L, the 

DC capacitors volume is occupied 0.49 L and the heat sinks volume is occupied 0.36 L.  

The study shows increasing the switching frequency operation will decrease the volume 

occupied of the converter. For example, if the switching frequency increases to 24 kHz, 

the total volume occupied for the same inverter would go down to 2.7 L. Furthermore, it 

shows other converters break down components volume occupied for different switching 

frequency operations. If the galvanic isolation has to be considered to this study, it will 

occupy about 75% of the total volume of the overall converter for 10 kVA. It can be seen 

that galvanic isolation, such as transformer, has a direct impact on the power density of 

the power electronics converters. It is clear that (70-80) % of the volume is occupied by 

the magnetic components. The second occupied volume is the DC-link capacitors. 

Therefore, it is necessary to design power electronics converters that could have less.  
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(50 Hz, 2000 L)

(1000 Hz, 200 L)

 

Figure 1-9 Volume achieved by different transformer designs with different 

operating frequencies. All scaled to 1MW power rating. Reprinted with the 

permission from © 2010 IEEE [17]. 

 

 

footprint of magnetic components and reduce/eliminate the use of DC-link capacitors if it 

is possible. According to [17], one of the best ideas to increase the power density of the 

power electronics converter by increasing the frequency of a transformer or inductor. At 

high frequency, a transformer’s core can carry the same amount of flux lines at a smaller 

cross-section area. Figure 1-9 [17] demonstrates that if the transformer core’s frequency 

is increased from 50 Hz to 1 kHz the volume of 1MVA silicone steel (Si) core transformer 

can be reduced from 2000 L to 200 L, respectively. The inverse relation between operating 

frequency and magnetic core area is given by (1.2). Erms is the induced voltage of winding, 

N is number of turns in the winding, A is cross section area of core in (m2), Bmax refers to 

the peak magnetic flux density (Tesla), f is transformer’s core frequency. In order to 
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maintain the transformer efficiency high, the magnetic core material has to be selected 

properly because at high frequency transformer core losses should be considered. 

 

A =
E rms

√2. π . f. N. Bmax

 
(1.2) 

 

1.5. Research Objective 

The main objective of this dissertation is to design, simulate, analyze, and 

construct new approaches to interface the renewable energy resources solar/wind turbine 

to the electrical utility using an integrated solid-state transformer. The proposed topologies 

are simple and have the same performance as the conventional approaches. However, 

using a solid-state transformer would improve the power density of the proposed 

approaches. Simulation results along with experimental results on a scale down laboratory 

prototype demonstrate the feasibility of the proposed concepts. In this dissertation, four 

different bidirectional power flow converters are proposed. 

For the first topology, a medium voltage DC collection grid using a multi-pulse 

SCR converter and line frequency transformer is proposed. A new hybrid step-up DC-DC 

converter is proposed along with this concept. It can boost up a 1.5 kV DC PV plant to the 

medium voltage range 6 kV DC. 

In the second presented topology, a medium voltage DC collection grid for large-

scale PV power plant using SCR converter and employing a medium frequency 720 Hz 

integrated solid-state transformer. The features of this topology are; simple, easy to 
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control, eliminates the need for a DC-link, low numbers of power conversion stages, the 

proposed system allows for bidirectional power flow for interfacing battery energy system 

to the utility grid.  

In the third presented topology, a medium frequency integrated solid-state 

transformer using open delta scheme connection is proposed. The open delta concept 

increases the reliability of the multi-pulse SCR converter and improves the efficiency 

further.  

In the final approach, a unique bidirectional power flow current source converter 

using selective harmonics elimination SHE pulse width modulation PWM is presented. 

This topology is employing a high frequency 20 kHz integrated solid-state transformer for 

galvanic isolation. The input utility current is designed to have high quality by removing 

the low order harmonics, e.g. (5th,7th,11th, and 13th). Bidirectional power flow is 

achieved in this topology to use it for PV power harvesting or electric vehicle EV charging 

stations. Furthermore, the DC-link capacitor is removed to result in more reliability and 

power density. 

Mathematical analysis and design example for each topology are presented. The 

zig-zag medium frequency transformer and high frequency transformer is designed and 

simulated using MATLAB Simulink and PSIM software to validate the proposed 

concepts. Furthermore, experimental results on scale down laboratory prototypes are 

presented to verify the proposed approaches. 
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1.6. Dissertation Outline 

The dissertation has five sections. Section 1 presents high power switching 

devices, for example, SCR, power diode, IGBT, MOSFET, and IGCT. Mainly, it is 

focusing on SCR switch characteristics. The difference between the AC and DC collection 

grid is discussed. Moreover, a large-scale PV plant with some real examples are illustrated. 

The power density of power electronics converters concept is discussed too. 

In section 2, a medium voltage DC collection grid with multi-pulse SCR converter 

and line frequency phase-shift transformer is explained. A hybrid step-up DC-DC 

converter is proposed to boos up 1.5 kV DC PV plant to 6 kV DC. The math analysis and 

design example for the hybrid DC-DC converter are discussed in details. 

In section 3, a medium voltage DC collection grid for a large-scale 12-pulse SCR 

converter and medium frequency integrated solid-state transformer SST is proposed. This 

section explains how to design a phase-shift medium frequency zig-zag multi-windings 

transformer. The design example for a medium voltage DC collection grid is introduced 

to interface with 1.5 kV, 150 kW PV plant to a utility grid. Simulation results using 

MATLAB/ Simulink and scaled-down laboratory prototype are presented to validate the 

proposed concept. 

In section 4, a bidirectional current source converter is introduced using selective 

harmonic elimination SHE pulse width modulation PWM. A high frequency 20 kHz ferrite 

core solid-state transformer is designed and used for galvanic isolation for the proposed 

concept to further improve the power density. Low order harmonics are eliminated from 

the unfiltered input currents using the SHE PWM technique. This proposed concept has 
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some advantages. For example, it could work as an inverter to interface a PV farm to the 

utility grid, or it could work as a rectifier converter for electric vehicle charging station. 

The DC-link capacitor is removed to increase the reliability of the converter. Complete 

design example, simulation results using PSIM software along with a scale down 

laboratory prototype are presented to verify the proposed concept. 

In section 5 of this dissertation, brief summary for each topology is discussed. 

Furthermore, possible future studies regarding the use of integrated solid-state 

transformers to interface renewable energy resources are suggested. 
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2.        MEDIUM VOLTAGE DC COLLECTION GRID CONCEPT FOR LARGE -

SCALE PV POWER PLANT USING MULTI-PULSE LINE FREQUENCY 

SCR CONVERTER AND HYBRID STEP-UP DC-DC CONVERTER 

 

In this section, a medium voltage MV DC collection grid for large-scale PV farm 

with multi-pulse line commutated SCR converter and hybrid step-up DC-DC converter is 

proposed to interface a MV utility grid. DC PV farm is the first processed via a step-up 

DC-DC converter, and then a 12-pulse SCR converter interfaced with the utility grid via 

line frequency (50/60) Hz phase-shifted transformer. The function of the hybrid DC-DC 

converter is to boost a 1.5 kV DC PV farm voltage to 6 kV DC. The analysis shows a good 

quality of the line input current due to the multi-pulse operation. The proposed approach 

is a current source converter. It is simple, robust and allows bidirectional power flow in 

case of a battery charging system. Simulation results are presented to validate the proposed 

concept. 

2.1. Introduction 

A Typical photovoltaic PV farm grid-tied medium voltage employs DC-DC 

Converter and three phase inverter. The inverter has such a limitation in terms of handling 

high power due to the constraint of the semiconductor switches. Multi-pulse SCR 

converters have been widely used for large-scale renewable energy applications solar 

/wind turbines [20,21, 22].  This section proposes a MV DC collection grid for large-scale 

PV plant using 12-pulse SCR converter and hybrid step-up DC-DC converter. Figure 2-1 

shows the evolutionary schematics for interfacing PV plant to a utility grid. 
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Figure 2-1 Evolution of large-scale PV power plant, (a) AC collection grid for large-

scale PV power plant, (b) DC collection grid for large-scale PV power plant (c) 

Proposed medium voltage DC collection grid for large-scale PV power plant with 

12-Pulse SCR converter and hybrid step-up DC-DC converter. 
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The presented concept has the following advantages: 

1) The proposed system is robust current fed. 

2) Bidirectional power flow can be achieved by adjusting the firing angle (α). 

3) Boosting up the DC voltage to the medium voltage scale 6 kV using the proposed 

hybrid step-up DC-DC converter. 

4) Low order harmonics (5th, 7th) have been eliminated from the line input current 

due to 12-pulse operation. 

2.2. Proposed Medium Voltage DC Collection Grid for Large-Scale PV Power 

Plant Using Multi-Pulse SCR Converter and Hybris Step-up DC-DC Converter  

The proposed 12-pulse SCR converter using the hybrid step-up DC-DC converter 

and line frequency (50/60) Hz phase-shift transformer is shown in Figure 2-2. The 

presented topology involves three parts: step-up DC-DC converter, 12-pulse SCR 

converter, and phase-shift line frequency (50/60) Hz transformer. 

2.2.1. Proposed Hybrid Step-up DC-DC Converter 

         The proposed hybrid step-up DC-DC converter is shown in Figure 2-3. It composes 

two parts; the first one is a boost converter at the top half, and the second one is a buck-

boost converter at the bottom half. Vs is the common input voltage for both converters. 

VC1 is the boost output voltage, and VC2 is the buck-boost output voltage. In order to do 

the analysis for this hybrid converter, there would be some assumptions as follows: 

• Assuming that the converter is working at the continuous conduction mode (CCM) 

Which implies the inductors currents ( IL1min, IL2min ) are always greater than zero.
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Figure 2-2 Presented 12-pulse SCR converter using proposed hybrid step-up DC-DC converter and line frequency phase-

shift transformer.
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Figure 2-3 Proposed hybrid step-up DC-DC converter. 

 

• The converter works at the steady state condition, which means the average 

inductors voltages (VL1, VL2) will be zero and the average capacitors currents 

(IC1, IC1) will be zero too. 

•  All the components are ideal  rL = 0,  Rds  = 0. rL is the inductor’s internal 

resistor,  Rds  is the MOSFET’s on-state resistor. In other words, the input power 

is equal to the output power. 

• Switching transient is neglected. 

 For the boost converter analysis, Figure 2-4 shows the equivalent circuit diagram 

depending on the status of switch S1 . There will be two modes. Mode1 when S1  is turned 

on for the interval (0 < t < D1. Ts). D1 is the duty ratio, which is the on-time interval divided 

by the period Ts as given by (2.1).  
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Figure 2-4 (a) Boost converter circuit diagram, (b) VL1 and IL1, (c) equivalent circuit 

when S1 is turned on, (d) equivalent circuit when S1 is a turned off. 
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fs is the switching frequency. The complementary duty ratio D1ʹ is given by (2.3) [4]. the 

equivalent circuit diagram for this mode is shown in Figure 2-4 (b, c).  

 

D1 =
T1 On

Ts
 

(2.1) 

Ts =
1

fs
 

(2.2) 

D1ʹ = 1 − D1 (2.3) 

 

In this mode, the inductor voltage VL1 and diode voltage Vd2 are given by (2.4), (2.5) 

respectively. The boost converter input current source IBoost is given by (2.6) [4]. 

 

VL1 = Vs (2.4) 

Vd2 = − VO1 (2.5) 

IBoost = IL1 (2.6) 

 

The switch S1 and the diode d2 should be able to handle the output voltage VO1.  In the 

second mode Figure 2-4 (b, d), S1 is turned off for the interval (D1. Ts < t < Ts). The diode 

d2 is forward bias and its current is given by (2.7) for any given time. Under the steady 

state condition, the capacitor average current iC1 ave  is zero. Therefore, the average diode 

current id2 ave is going to be the same as the load average current iR ave as given by (2.9). 

Id2 = iC1 + iR  (2.7) 
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Id2 ave = iC1 ave + iR ave (2.8) 

id2 ave = iR ave (2.9) 

 

For continuous conduction mode, the minimum value for L1min  is given by (2.10) [4]. 

L1min =
 D1 (1 − D1)

2 × R

2fs
 

 

(2.10) 

 

The capacitor C1 value in terms of output voltage ripple (
△VO1

VO1
) is given by (2.11) [24]. 

C1 =
 D1 

R (
△ VO1

VO1
) fs

 

 

(2.11) 

 

The ideal boost converter voltage gain is given by (2.12) [23, 24]. 

VO1 

VS
=

1

1 − D1
=

1

D1ʹ
 

(2.12) 

 

 For non-ideal boost converter involving the series on-state resistor of the 

switch Rds1   and inductor’s internal resistor 𝑟𝐿1, the voltage gain is given by (2.13) [24]. 

R is the load resistor. Figure 2-5 illustrates the boost converter relationship between the 

normalized voltage gain (
VO1 

VS
) and duty ratio D1. The Figure shows the ideal and practical 

voltage gain curves. The non-ideal one due to  Rds1  , rL1 , and the voltage drop across the 

diode Vd2. These parameters will affect the voltage conversion ratio. The allowable range 

of D1 is between (0.2 - 0.8) for the non-ideal case. When D1=1, there is no power transfer 

because of VO1 = 0 volt. 
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1/(1-D1)

Duty ratio D1

(VO1 / VS)

 

Figure 2-5 Boost converter (VO1 / VS) versus the duty ration D1 for ideal and non-

ideal converter. 

 

VO1 

Vs
= [

1

D1ʹ
 ×

1

1 +
rL1 + D1 × Rds1

R × (D1ʹ )2

] 
(2.13) 

 

The second part of the proposed hybrid step-up DC-DC converter in Figure 2-3 is 

the buck-boost converter, as illustrated in Figure 2-6 (a). In this converter, the output 

voltage can be either bigger or smaller than the input voltage. The duty ratio for the buck-

boost converter D2 is given by (2.14)[4]. The on time interval and off time interval are 

given by (2.15-2.16), respectively. 

 

D2 =
T 2 On

Ts
 

(2.14) 
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On time interval = T2 On = D2 × Ts (2.15) 

Off  time interval = T2 Off = (1 − D2) × Ts = D2ʹ × Ts (2.16) 

 

This converter also has two operation modes depending on the status of S3. Mode 

1 when S3 is turned on for the interval (0 < t < D2. Ts). The equivalent circuit diagram is 

shown in Figure 2-6 (b, c). In this mode, the diode d4 will be reverse bias by voltage (VS +

VO2). In the second mode, S3 is turned off for the interval time (D2. Ts < t < Ts).  Since IL2 

is already has been built with a positive value, it will force a path to the capacitor C2 and 

R load through the diode d4. The minimum value of L2min  for the continuous conduction 

current is given by (2.17) [24]. 

L2min =
  (1 −  D2)

2 × R

2fs
 

(2.17) 

 

Where fs is the switching frequency. The output voltage ripple for the buck-boost 

converter is given by (2.18). The ideal voltage gain of buck-boost converter is given by 

(2.19). For no-ideal converter, the voltage gain equation is given by (2.20) [24]. 

△ VO2

VO2
=

 D2 

R × C2 × fs
 

(2.18) 

VO2

VS
= − (

D2

1 − D2
) 

(2.19) 

VO2 

VS
= − [

D2

D2ʹ
 ×

1

1 +
rL2 + D2 × Rds3

R × (D2ʹ )2

] 
(2.20) 
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The valid range of D2 is between (0 < D2 < 1). For ( D2 < 0.5), the converter is 

working in the bucking mode, while if ( D2 > 0.5), the converter is working in the boosting 

mode. Figure 2-7 demonstrates the normalized voltage gain (
− VO2 

VS
) versus duty ratio D2. 

There are an ideal and non-ideal curve. The non-ideal one is due to the non-ideal 

components such as S3, L2, and the diode d4. At low duty ratio D2, both curves are almost 

identical. However, for D2 > 0.85, the practical voltage transformed curve begins to 

deviate. For D2 = 1, there is no power transfer.  

For the proposed hybrid step-up DC-DC converter, the voltage gain is going to be 

the sum of both converter voltages (VO1 + VO2) assuming the converter is working in the 

continuous conduction mode, non-ideal case. For the upper converter (boos), according to 

equation (2.13), the output voltage for this upper converter is given by (2.21). 

 

VO1 =
VO 

2
= [

VS 

D1ʹ
 ×

1

1 +
rL1 + D1 × Rds1

R × (D1ʹ )2

] 
(2.21) 

 

For the bottom converter (buck-boost), according to equation (2.20), the output voltage 

for this bottom converter is given by (2.22). 

 

VO2 =
VO 

2
= − Vs[

D2

D2ʹ
 ×

1

1 +
rL2 + D2 × Rds3

R × (D2ʹ )2

] 
(2.22) 
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Figure 2-6 (a) Buck-boost converter circuit diagram, (b) VL2 and IL2, (c) equivalent 

circuit when S3 is turned on, (d) equivalent circuit when S3 is turned off. 
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[- D2 / (1-D2)]

Duty ratio D2

(- VO2 / VS)

Boosting ModeBucking Mode

 

Figure 2-7 Buck-boost converter (- VO2 / VS) versus the duty ration D2 for ideal and 

non-ideal converter. 
 

In order to get the overall voltages for both upper and bottom converter, equation (2.21) 

and (2.22) should be added up as given by (2.23). 

 

VO = VS [
1

D1ʹ
 ×

1

1 +
rL1 + D1 × Rds1

R × (D1ʹ )2

] + VS [
D2

D2ʹ
 ×

1

1 +
rL2 + D2 × Rds3

R × (D2ʹ )2

] 

 

(2.23) 

 

Therefore, the non-ideal overall voltage gain for the proposed hybrid step-up DC-DC 

converter is given by (2.24). Table 2-1 explains the switches (S1, S2, S3, S4) voltage ratings. 

(S1, S2) maybe not gated at all since they already have the body diode to conduct current, 

or they can be used for the synchronous operation to reduce the power losses. 
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VO 

VS 
= [

1

D1ʹ
 ×

1

1 +
rL1 + D1 × Rds1

R × (D1ʹ )2

] + [
D2

D2ʹ
 ×

1

1 +
rL2 + D2 × Rds3

R × (D2ʹ )2

] 

 

(2.24) 

 

Since all the switches have body diode (anti-parallel diode), then for the same input and 

output voltage polarities the current bidirectional, hence the power bidirectional, which 

means this converter has bidirectional power flow capability. 

 

Table 2-1 Voltage ratings for (S1, S2, S3, S4) of the proposed hybrid step-up DC-DC 

converter. 

Upper converter (boos) S1, S2 voltage ratings  

Switch Status Blocking voltage for VS1 Blocking voltage for VS1 

S1 

S2 

ON  

OFF 

- VO 

2
 

S1 

S2 

OFF  

ON 

VO 

2
 

- 

Lower converter (buck-boos) S3, S4 voltage ratings  

Switch Status Blocking voltage for VS3 Blocking voltage for VS4 

S3 

S4 

ON  

OFF 

- 
VS +

VO 

2
 

S3 

S4 

OFF 

ON 

VS +
VO 

2
 

- 
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2.2.2. 12-pulse SCR Converter 

Figure 2-2 demonstrates the 12-pulse scheme of the SCR converter using a zig-zag 

phase-shift transformer. The input current harmonics depend on the number of pulses. For 

the six-pulse SCR converter, the input utility current quality is poor because it contains 

low order harmonics, e.g. (5th, 7th). For the 12-pulse converter, the input utility current has 

better quality than the six-pulse converter due to the elimination of the aforementioned 

harmonics. Generally, the higher the number of pulses, the better input current quality as 

given by (2.25). Where N is an integer number, P is the number of pulses, and h is the 

harmonics order. Usually, 12-pulse, 18-pulse converter is widely used in the industrial for 

the motor drive applications [25]. 

 

h = N × P ± 1 (2.25) 

 

2.2.3. Phase-shift Line Frequency (50/60) Hz Transformer 

In the multi-pulse converter, a proper net phase-shift should be generated for each 

six-pulse, and that could be created using a multi secondary windings phase-shift 

transformer. For a 12-pulse converter, there should be a (300) phase-shift between the 

secondary and tertiary sides, as shown in Figure 2-2. For the 18-pulse converter, the net 

phase-shift for the secondary sides should be as follows (-200, 00, +200) with respect to the 

primary side. In the case of 24-pulse converter, the secondary sides transformer should 

have (-22.50, -150, +150, +22.50) with respect to the primary side, as shown in Figure (2-

8). The higher the number of pulses, the better input current quality (is) (see Figure 2-8).  
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Figure 2-8 Multi-secondary windings phase-shift transformer for multi-pulse SCR 

converter (a) 12-pulse SCR converter, (b) 18-pulse SCR converter, (c) 24-pulse SCR 

converter. 

 

However, increasing the number of pulses would be required a bigger transformer, which 

results to increase the cost and reduce the power density of the overall converter.  

2.3. Simulation Results for the Proposed Topology 

The parameters of the presented topology in Figure 2-2 are listed in Table 2-2. A 

study designed example would be discussed in details using MATLAB software to verify 

the presented concept. Utility grid voltage VLL rms=2.85 kV. For the PV farm, an American 

Solar Wholesale ASW-260M PV panel model is selected involving 35 series panels and  



 

32 

 

 

55 parallel strings to build 0.5 MW, 1.5 kV PV plant. The IV and PV characteristics are 

shown in Figure 2-9. For simplicity, a 12-pulse SCR converter is chosen with a firing  

angle (α =1650). Figure 2-10 shows the voltage of VPV farm, the output voltage of the 

hybrid step-up DC-DC converter VBoost and current IPV. The output voltage for each six-

pulse (Vdc1, Vdc2), and 12-pulse (Vdc12-pulse) are shown in Figure 2-11. Figure 2-12 shows 

phase “a” secondary current (i a-Secondary), tertiary current (i a-Tertiary) and primary current of 

I (A)

 ×105  P (W)

V (Volt)

Figure 2-9 IV and PV characteristics for different sun irradiance levels for the 

designed PV farm 1.5 kV, 0.5 MW. Array type: American Solar Wholesale ASW-

260M; 35 series modules; 55 parallel strings. 
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the multi-windings zig-zag transformer (ia). Figure 2-13 demonstrates the utility voltages 

(Vab, Vbc, Vca) along with the overall unfiltered input currents (ia, ib, ic). It is evident that 

this topology working in the inversion mode since the input utility voltages and currents 

are out of phase, which means the power flows from the PV farm side to the utility grid 

side. The FFT analysis for the (i a-Secondary) is illustrated in Figure 2-14. As expected, the 

secondary current side (ia-Secondary) has the low order harmonics (5th ,7th) for one of the six-

pulse SCR converter. However, the overall unfiltered input current (ia) does not have these 

low order harmonics, as shown in Figure (2-15). Furthermore, the (17th, 19th) are 

eliminated too.   

 

Table 2-2 Design example parameters for 12-pulse SCR converter using the proposed 

hybrid step-up DC-DC converter. 

PV Plant parameters 

Module type American Solae Wholesale ASW-260 

Number of series panels=35 Number of parallel strings=55 

PV Generated power=0.5 MW VPV = 1.5 kV 

Utility grid voltage= 2.85 kV Utility grid frequency=60 Hz 

SCR parameters for 12-pulse converter 

SCR switching frequency= 60 Hz α = 1650, Ld=15 mH 

Hybrid step-up DC-DC converter 

C1=100 uF, L1=150 uH C2=100 uF, L2=150 uH 

Vin=1500 V Vout=6000 V 

Switching frequency 10 kHz D1=0.5, D2=0.667 
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VPV (V), VBoost (V)

IPV (A)

Time (s)

VPV= 1.5 kV

 VBoost= 6 kV

IPV= 380 A

 

Figure 2-10 PV plant voltage VPV=1.5 kV, proposed hybrid step-up DC-DC converter 

voltage VBoost=6 kV, and PV plant current IPV=380 A. 

 

 

Vdc1, Vdc1-Ave

Vdc2, Vdc2-Ave

Vdc12-pulse, Vdc12-pulse-Ave

Vdc1 Vdc1-Ave

Vdc2 Vdc2-Ave

Vdc12-pulse Vdc12-pulse-Ave

Time (s)  

Figure 2-11 First six-pulse SCR converter voltage (Vdc1, Vdc1-Ave), second six-pulse 

SCR converter voltage (Vdc2, Vdc2-Ave), 12-pulse SCR converter voltage (Vdc12-pulse, 

Vdc12-pulse-Ave) 
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ia-Secondary

ia-Tertiary

ia

Time (s)  

Figure 2-12 Phase “a” secondary side transformer current (i a-Secondary), tertiary side 

transformer current (i a-Tertiary), and overall unfiltered input primary current (ia). 

 

Vab, (ia)× 5

Vbc, (ib)× 5

Vca, (ic)× 5

Time (s)  

Figure 2-13 Utility voltages (Vab, Vbc, Vca) along with unfiltered utility input currents 

(ia, ib, ic). Note the currents have been multiplied by 5 for better resolution. 
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Figure 2-14 FFT analysis of phase “a” secondary transformer current (ia-Secondary). 
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Figure 2-15 FFT analysis of phase “a” unfiltered primary utility current (ia). 
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2.4. Conclusion 

This section proposes a medium voltage DC collection grid for large-scale PV 

power plant using 12-pulse SCR converter and phase-shift line frequency zig-zag 

transformer. A new hybrid step-up DC-DC converter is proposed to boost the 1500V DC 

PV plant to 6000V. A detailed design example, simulation results using MATLAB, 

demonstrate the 12-pulse operation achieving high input power quality by eliminating the 

low order harmonics of the input utility current, e.g. (5th,7th). The advantages of the 

proposed concept are overcoming the limitation of handling high power by using the SCR 

converter, bidirectional power flow capability, and the output voltage can be regulated by 

adjusting the firing angle (α). 
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3.        MEDIUM VOLTAGE DC COLLECTION GRID FOR LARGE-SCALE PV    

POWER PLANT WITH SCR CONVERTER AND INTEGRATED MEDIUM 

FREQUENCY SOLID-STATE TRANSFORMER (SST) FOR UTILITY 

INTERFACE* 

 

          This section proposes a medium voltage MV DC collection grid concept for large-

scale PV power plant with a line commutated 12-pulse SCR converter and integrated 

solid-state transformer SST for utility interface. DC power from the PV power plant 

section is first processed via a line commutated 12-pulse converter employing an inverter 

grade SCR’s is interfaced to SST powered by a higher frequency AC-AC converter. The 

objective of this topology is having the SST operate at a medium frequency (360Hz or 

720Hz), to reduce the transformer size/weight to 1/3rd to 1/5th. It is shown due to 12-pulse 

operation a high-quality utility line current can be achieved with the cancellation of 5th 

and 7th harmonic currents. The proposed approach is a robust current fed system, that 

improves power density, and it is simple to control with an integrated solid-state 

transformer. Simulation results presented on an example 150 kW PV power plant to 

validate the concept. Experimental results for a scale down laboratory type 1kW system 

are also discussed. 

 

 

* Part of this section is reprinted with permission from:  

©2019 IEEE. S. Sabry, E. I. Pool-Mazun and P. Enjeti, "A Medium Voltage DC Collection Grid for Large 

Scale PV Power Plant with SCR Converter and Integrated Solid-State Transformer (SST)," 2019 IEEE 

Energy Conversion Congress and Exposition (ECCE), Baltimore, MD, USA, 2019, pp. 5824-5831. 
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3.1. Introduction 

  Countries around the globe are accelerating their deployment of renewable energy 

technologies. In 2014 renewable energy resources provided 23% of global power 

generation. It is predicted that by 2030 it will increase to 45% according to the 

International Renewable Energy Agency (IRENA) [26]. The DC collection grid 

concept has additional benefits than the AC collection [16,27]. In addition to a 

reduction in size and improvement in efficiency, the DC collection grid also enables 

the integration of energy storage systems [20,28,29]. Multi-pulse line frequency 

commutated SCR converters have been widely used for interfacing renewable energy for 

wind turbine farms [31,32] and solar PV plants (see Figure 3-1) [30]. These systems have 

been shown to be robust for high power applications [33,34,35]. However, the main 

disadvantage of these systems is the use of a line frequency (50/60) Hz bulky transformer 

that has a large footprint for utility interface. In response to these concerns, this section 

proposes a 12-pulse SCR converter with an integrated medium frequency solid-state 

transformer. It is shown that by employing inverter grade SCRs and advanced modulation 

techniques, a transformer operating frequency of 360/720Hz can be realized, reducing the 

transformer size with simultaneous better control. The advantages of the proposed 

approach are summarized below: 

1) The proposed system is current fed, eliminates the need for a dc-link capacitor and the 

resulting system is more robust.  

2) The proposed integrated solid-state transformer SST employs lower number of power 

conversion stages than conventional approaches, contributes to better power density. 
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3) Lower order harmonics are shown to be eliminated due to 12-pulse operation resulting 

to improve power quality of the input utility current. 

4) The presence of AC-AC converter on the AC side is shown to add flexibility to control 

the input power flow. 

5) Finally, the proposed system allows for bidirectional power flow and can be easily 

adapted for interfacing battery energy storage systems to utility. 

3.2. Proposed Medium Voltage DC Collection Grid for Large-Scale PV Power 

Plant with SCR Converter and Medium Frequency Solid-State Transformer 

The proposed medium voltage DC collection grid with SCR converter and solid-

state transformer is demonstrated in Figure 3-2. The presented topology involves three 

parts: bidirectional AC-AC converter, medium frequency zig-zag transformer, and 12-

pulse SCR converter. 

3.2.1. Bidirectional AC-AC Converter 

  Figure 3-2 shows the per phase indirect bidirectional AC-AC converter. Each one 

composes a single phase bridge rectifier, small film capacitor (weak dc-link 10 uF), and 

full bridge inverter (since the power can be flow in both directions). The input voltage of 

each converter is line to neutral 60 Hz, and the output voltage is modulated with a medium 

frequency 720 Hz square wave 50% duty cycle. The mathematical analysis is 

demonstrated for the phase “a”. The line to neutral 60 Hz input voltage is shown  
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Figure 3-1 Evolution of multi-pulse SCR converter for large-scale wind turbine farm 

and PV plant converter (a) 12-pulse SCR to interface wind farms to a utility grid 

using line frequency transformer isolation. Adapted from [31], (b) conventional PV 

power plant with a line commutated 12-Pulse SCR converter. Adapted from [30], (c) 

block diagram of the proposed medium voltage DC collection grid for large-scale PV 

power plant with multi-pulse SCR converter and integrated solid-state transformer 

(see Figure 3-2 for circuit topology). Reprinted with the permission from © 2019 

IEEE [36]. 
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Figure 3-2 Proposed topology of the medium voltage DC collection grid for large-scale PV power plant with SCR 

converter and integrated medium frequency 720 Hz solid-state transformer.  Reprinted with the permission from © 2019 

IEEE [36].
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Figure 3-3 Functional operation of bidirectional AC-AC converter (Figure 3-2), (a) 

Van line to neutral  input voltage 60 Hz, (b) bridge rectifier switching function SWRec, 

(c) Medium frequency  720 Hz square wave 50% duty cycle, (d) AC-AC converter 

switching function SWAC-AC, (e) phase “a” AC-AC output voltage Van MF. Reprinted 

with the permission from © 2019 IEEE [36]. 

 

in Figure 3-3 (a) and given by (3.1). The switching function of the rectifier bridge SW Rec 

60 Hz is shown in Figure 3-3 (b) and given by (3.2). The switching function for the inverter 

bridge SW Inv 720 Hz square wave is shown in Figure 3-3 (c) and given by (3.3). The 

overall switching function for the AC-AC converter SW AC−AC is shown in Figure 3-3 (d) 

and given by (3.4) [36]. The medium frequency output voltage of the  
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Van = 𝑠𝑖𝑛(⍵s. t)  V (3.1) 

SW Rec =
4

π
∑

1

n
𝑠𝑖𝑛(n.⍵S. t)

∞

n=1,3,5….

 

 

(3.2) 

SW Inv = ∑
1

n
𝑠𝑖𝑛(n.⍵ MF. t)

∞

n=1,3,5….

 
(3.3) 

SWAC−AC = SW Rec × SW Inv 

=
4

π
∑

1

n
𝑠𝑖𝑛(n. π. D) . 𝑠𝑖𝑛(n.⍵ MF. t)

∞

n=1,3,5….

 

 

 

 

(3.4) 

VanMF = [
[0.636 𝑠𝑖𝑛(⍵ MF ± ⍵ S)t) + 0.192 𝑠𝑖𝑛(3⍵ MF ± ⍵ S)t) +

0.106 𝑠𝑖𝑛(5⍵ MF ± ⍵ S)t) + High Order Terms]
] 

(3.5) 

 

AC-AC converter VanMF is shown in Figure 3-3 (e) and given by (3.5). The frequency 

spectrum FFT of VanMF is shown in Figure 3-4. It is clear that the medium frequency  

output voltage has frequency components (⍵ 𝐌𝐅 ± ⍵ 𝐒), (𝟑⍵ 𝐌𝐅 ± ⍵ 𝐒), (𝟓⍵ 𝐌𝐅 ± ⍵ 𝐒). 

Evidently, SST transformer’s primary voltage Van MF has a dominant frequency around 

720 Hz that allowed the transformer to operate at the medium frequency range. Series 

stacks of AC-AC converter can be used for high voltage levels. The function of this 

converter is to generate a medium frequency voltage 720 Hz at the primary windings of 

the medium frequency transformer and allow the power to flow in both directions [36].  
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(3 MF ±  s)=(3× 720 ± 60)

(5 MF ±  s)=(5× 720 ± 60)

( MF ±  s)=(720 ± 60)

Frequency (Hz)

VanMF FFT

 

Figure 3-4 FFT spectrum analysis for the phase “a” AC-AC converter output voltage 

Van MF. 

 

For the phase “b” and “c”, the AC-AC converter output voltages are going to be the same, 

except they are shifted by 120 degree respectively. 

3.2.2.   Medium Frequency Zig-Zag Phase-Shift Transformer  

  The second part of the presented topology is the medium frequency SST. As 

shown in Figure 3-2, the primary side of this transformer is a star connected while the 

secondary side consists of a group that has 4 windings per phase. The secondary and 

tertiary side of this transformer has been connected in a zig-zag scheme to create a net 

(300) between them (refer to Figure 3-2). In other words, this transformer has two sets of 

zig-zag connections. Each secondary side is connected to a six-pulse SCR converter. The 

secondary of the zig-zag connections creates a set of three phase voltages with a (-15°) 

phase difference with respect to the input primary side voltages. The tertiary side creates 

another set of three phase voltages with a (+15°) with respect to the input primary side 
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voltages. The phase-shift between the secondary and tertiary sides is (300) to perform the 

12-pulse operation of SCR converter [36]. A phasor diagram of the zig-zag connection is 

shown in Figure 3-5. The primary side shows the line-to-line voltages forming an 

equilateral triangle. Van, Vbn and  Vcn are the reference voltages as expressed in equations 

(3.6-3.8). The line-to-line voltages phasor expressions for  Vab, Vbc and Vca are given by 

(3.9-3.11)  

Van = √2 Vph (rms) ⦟00    (3.6) 

Vbn = √2 Vph (rms) ⦟ − 1200 (3.7) 

Vcn = √2 Vph (rms) ⦟ + 1200 (3.8) 

Vab = √3 √2 Vph (rms) ⦟ + 300 (3.9) 

Vbc = √3 √2 Vph (rms) ⦟ − 900 (3.10) 

Vca = √3 √2 Vph (rms) ⦟ + 900 (3.11) 

 

 The turns ratio of these windings can be found by solving equation (3.12) and (3.13) 

breaking them into their real and imaginary parts yields two systems of two equations and 

two unknowns. Solving them gives the desired turns ratio as, expressed by (3.14) [36]. 

 

Vas = Ns1. Van − Ns2. Vcn = Ns1 ⦟00 − Ns2 ⦟1200     = 1 ⦟ − 150 (3.12) 

Vat = Ns3. Van − Ns4. Vbn = Ns3 ⦟00 − Ns4 ⦟ − 1200 = 1 ⦟ + 150 (3.13) 

Np1: Np2: Ns1: Ns2: Ns3: Ns4 = 1: 1: 0.816: 0.298: 0.816: 0.298 (3.14) 
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Figure 3-5 Phasor diagram of three phase zig-zag phase-shift transformer that has 

on group star primary windings and two sets of secondary windings to create phase-

shift (-150, +150) with respect to the input primary side voltages. Reprinted with the 

permission from © 2019 IEEE [36]. 

 

3.2.3. 12-pulse SCR Converter 

The last part of the presented topology is two groups of six-pulse SCR converters 

connected in series for multi-pulse operation (see Figure 3-2). The first group has been 
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connected to the transformer secondary side (-150), while the second group is connected 

to the transformer tertiary side (+150). Each switch SCR should be inverter grade type (i.e.  

fast turn-off Thyristor) to work at medium frequency range [36]. By firing (gating) the 

SCR switches at the inversion mode (α > π/2), the 12-pulse converter works as an inverter. 

Simple square wave gating signals can be used to run the topology. Using a 12-pulse SCR 

converter improves the input quality current because the low order harmonics (5th, 7th) 

have been eliminated. Finally, a dc-link inductor Ld is used to smooth the PV plant current 

and reduce its ripple. 

3.3. Input Current Analysis 

  The low order harmonics (5th,7th) have been removed from the unfiltered utility 

input currents iUa, iUb, iUc   by nature of the net 300 phase-shift zig-zag medium frequency 

transformer. The analysis shows that this current has the same quality as the conventional 

line frequency transformer 12-pulse converter. The mathematical analysis proves that the 

iUa dominant harmonics are (11th, 13th ..etc.). In order to derive the mathematical equation 

of iUa, the output current iDC is assumed to be pure DC (ripple free), the 12-pulse SCR 

converter is worked at the rectification mode (α=0). The analysis is applied for the phase 

“a” as shown in Figure 3-6. iUa is given by (3.15). Iap is the phase “a” primary transformer 

winding current and  SWAC−AC is the overall AC-AC converter switching function that is 

given by (3.4). To obtain the relationship of Iap and the secondary side currents of the 

transformer, volt-ampere balanced between the primary and secondary sides can be used 

as given by (3.16) [36]. 
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Figure 3-6 Phase “a” unfiltered input current 𝐢𝐔𝐚 analysis for the proposed topology 

in Figure 3-2. 

 

iUa = SWAC−AC × Iap (3.15) 

NPA. Iap = NSA1. IaS1 + NSA2. IaS2 + NTA1. IaT1 + NTA2. IaT2 (3.16) 

IaS1 = IQ1S (3.17) 

IaS2 = −IQ6S (3.18) 

IaT1 = IQ1T (3.19) 

IaT2 = − IQ2T (3.20) 

Substituting equations (3.17-3.20) into equation (3.16) yields: 
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Iap = NSA1(IQ1S + IQ1T) − NTA1(IQ6S + IQ2T) (3.21) 

 

The output current of 12-pulse SCR converter IDC that goes through (IQ1S, IQ6S, IQ1T, IQ2T) 

creates a qusi-square wave shape at the primary current iap. The iap has a switching 

function Sq is given by (3.22). However, this current has to react with the overall switching 

function of the AC-AC converter SWAC−AC which is given by (3.4). 

Sq(⍵st) = ∑ [
4 IDC

nπ

∞

n=1,3,5,7,…..

 𝑐𝑜𝑠 (
n. π

6
)]. 𝑠𝑖𝑛(n.⍵s. t) 

 

(3.22) 

Due to the effect of the SWAC−AC, the currents of the SCR switches become 

IQ1S = SWAC−AC × Sq(⍵s. t −
π

12
) (3.23) 

          IQ6S = SWAC−AC × Sq(⍵s. t −
π

12
−

2π

3
) 

(3.24) 

IQ1T = SWAC−AC × Sq(⍵s. t +
π

12
) (3.25) 

           IQ2T = SWAC−AC × Sq(⍵s. t +
π

12
+

2π

3
) 

(3.26) 

 

Evidently, equations (3.23) and (3.25) prove that there is a (300) phase-shift between the 

secondary and the tertiary side for the 12-pulse operation. Plugging equations (3.23-3.26) 

into equation (3.21) results: 

Iap = [
NSA1 [Sq (⍵s. t −

π

12
) + Sq(⍵s. t +

π

12
)]   − 

NTA1 [Sq (⍵s. t −
π

12
−

2π

3
) + Sq(⍵s. t +

π

12
+

2π

3
)]

] × SWAC−AC 

 

(3.27) 
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Plugging equation (3.27) into (3.15) to find the overall unfiltered phase “a” utility current 

iUa that is given by (3.28). 

iUa = [
NSA1 [Sq (⍵s. t −

π

12
) + Sq(⍵s. t +

π

12
)]    − 

NTA1 [Sq (⍵s. t −
π

12
−

2π

3
) + Sq(⍵s. t +

π

12
+

2π

3
)]

] × [SWAC−AC]
2 

 

(3.28) 

 

Simplifying the equation further yields to: 

iUa =
 4√3  IDC

π

[
 
 
 
 𝑠𝑖𝑛(⍵s. 𝑡) − 

 1

11
𝑠𝑖𝑛(11.⍵s. 𝑡)

−
 1

13
𝑠𝑖𝑛(13. ⍵s. 𝑡) +

 1

23
𝑠𝑖𝑛(23.⍵s. 𝑡)

+ High Order Terms ]
 
 
 
 

× [SWAC−AC]
2 

 

(3.29) 

 

For (D=0.5),  

 

[SWAC−AC]
2 = [

4

π
∑

1

n

∞

n=1,3,5,7,…..

 𝑠𝑖𝑛(n. π. D). 𝑠𝑖𝑛(n.⍵HF. t)]

2

= 1 

 

(3.30) 

 

Then the unfiltered utility current for phase “a” iUa becomes: 

 

iUa =
 4√3  IDC

π

[
 
 
 
 𝑠𝑖𝑛(⍵s. 𝑡) −

 1

11
𝑠𝑖𝑛(11. ⍵s. 𝑡)

−
 1

13
𝑠𝑖𝑛(13. ⍵s. 𝑡) +

 1

23
𝑠𝑖𝑛(23.⍵s. 𝑡)

+ High Order Terms]
 
 
 
 

 

 

(3.31) 
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Evidently, equation (3.31) proves that the unfiltered utility current iUa has the same 

performance of the conventional 12-pulse SCR converter by eliminating the unwanted low 

order harmonics (5th,7th). The math derivation proves that the presented topology has a 

good performance utility input current. For (α ≠ 0), there will be zero states produce at the 

DC side (2fMH, 4fMH, 6fMH …etc.) These frequency components interact with the 

fundamental frequency and low order harmonics of the unfiltered utility input current 

(fs, 11fs, 13fs …etc.) Since the switching frequency is (fMH = 720 Hz), changing the 

firing angle α will create harmonics at higher frequencies and keep the low order 

harmonics intact. This implies regulating the output voltage by adjusting the firing angle 

won’t affect the input current performance. Theoretical THD of the input utility current is 

(17%) which is the same as for the conventional 12-pulse SCR converter. 

3.4. Design Example  

  A medium voltage 2300 VLL rms, 150 kW, 1500 V dc design example is considered 

to study the feasibility of the proposed concept, as shown in Figure 3-2. In order to run the 

SCR converter in the inversion region, the firing angle should be greater than 900 

(α=1600). An American solar wholesale ASW-260M PV model is selected with 40 series 

models and 15 parallel strings to generate the VPV=1.5 kV, IPV=100 A, 150 kW PV plant. 

Figure 3-7 shows the IV and PV plant characteristics for different sun irradiancies levels. 

For the medium frequency phase-shift SST, the volt-ampere rating can be found using the 

rms voltage and rms current under the assumption that the output current has ripple-free 

(negligible ripple). Table 3-1 shows the voltage and current ratings for the medium 

frequency transformer.  
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Figure 3-7 IV and PV characteristics for different sun irradiance levels for the 

designed PV farm 1.5 kV, 150 kW, and 100 A. Array type: American Solar 

Wholesale ASW-260M, 40 series modules, 15 parallel strings. 

 

Table 3-2 shows the volt, ampere ratings semiconductor switches. Utility line to line 

voltage VLL rms has been used to normalize the voltage rating, while IPV has been used to 

normalize the current rating of the semiconductor. For the AC-AC converter, the SiC 

switch current should handle a (0.816) per unit rating with utility input voltage 2.3 kV to 
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6.5 kV rms value. The overall dc voltage for the 12-pulse converter is (-5835.49 V). Since 

the desired dc output voltage is (-1500 V), the turns ratio of the secondary windings should 

be adjusted using a factor kt which can be calculated as follows: 

kt =
1500

5835.49
= 0.257 

(3.32) 

 

Table 3-1 Medium frequency transformer ratings for the design example of the 

presented topology in Figure 3-2. 

 

Primary side windings 

Voltage expression (rms) VLL

√3
= 0.227VDC 

Current expression (rms) 0.9 IPV 

 

Turns ratio NS1 for secondary 

side windings 

Voltage expression (rms) VLL

√3
 
√2

3
= 0.227VLL 

Current expression (rms) 

√
2

3
 IPV 

 

Turns ratio NS2 for secondary 

side windings 

Voltage expression (rms) 
 
(√3 − 1)

3√2

VLL

√3
 

Current expression (rms) 

√
2

3
 IPV 

VATotal =3
VLL

√3
× 0.9 IPV + 6√

2

3
 IPV[

√𝟑−𝟏

𝟑√𝟐
 
𝐕𝐋𝐋

√𝟑
+

√𝟐

𝟑
 
𝐕𝐋𝐋

√𝟑
]=0.194×  VDC ×  IPV 

VAequivalent =
1

2
 VATotal=0.097 POut 
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Table 3-2 Semiconductor device ratings for the design example of the presented 

topology in Figure 3-2. 

 

Switches 

 

Parameters 

 

Expression 

 

Per unit 

Design value 

150 kW 

AC-AC 

bridge 

rectifier 

Peak 

voltage 
√

2

3
 VLL 

0.816 P.U 1878 V 

Peak current 
kt

4

π PF
IPV 

1.3 kt 35A 

Rms current 
kt

2

π PF
IPV 

0.6 kt 18 A 

AC-AC 

bridge 

inverter 

Peak 

voltage 
√

2

3
 VLL 

0.816 P.U 1878 V 

Peak current 
kt

4

π PF
IPV 

0.816 P.U 35A 

Rms current 
kt

2

π PF
IPV 

1.3kt 18 A 

12-pulse 

SCR 

converter 

Peak 

voltage 
kt√

2

3
 VLL 

 

0.816kt 

 

469.2 V 

Peak current IPV 1 100 A 

Rms current 

IPV√
2

π
(
π

12
+

1

4
) 

 

0.57 

 

57 A 
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3.5. Simulation Results 

In this subsection, the simulation results of the proposed converter (see Figure 3-

2) are simulated and discussed using MATLAB software to verify the proposed concept. 

The specification parameters for the design example are listed in Table 3-3. The output 

voltages of the AC-AC converters are connected to the primary side of the medium 

frequency 720 Hz phase-shift transformer. The transformer primary side voltages (VAP, 

VBP, VCP) and their associated currents (Iap, Ibp, Icp) are shown in Figure 3-8. Evidently, the 

voltages and their associated currents are out of phase confirming the inversion operation 

of the proposed concept, which means the PV power has been injected to the utility grid. 

Figure 3-9 shows the frequency spectrum of the medium frequency primary voltage VAP. 

Obviously, the dominant frequency of VAP appears around 720 Hz (720 ± 60), which 

implies that the transformer works at a medium frequency range. Since it works at a 

medium frequency, that decreases its core size/weight and improves the power density of 

the converter. Each secondary side of the transformer is connected to a six-pulse SCR 

converter. A 12-pulse is used to eliminate the low order harmonics (5th,7th) from the input 

utility currents. In order to run the 12-pulse in the inversion mode, the firing angle should 

be greater than 90 degree (𝛼 =1600). Figure 3-10 depicts voltage VPV, current IPV for the 

designed PV plant, the output DC voltage for each six-pulse group Vdc1, Vdc2, and the 

overall DC outputs for the 12-pulse converter Vdc12-pulse, respectively. Figure 3-11 shows 

the input line to neutral voltages Van, Vbn, Vcn, and their associated overall unfiltered 

utility input current iUa, iUb, iUc. 
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Table 3-3 Simulation parameters for the design example of the proposed topology in 

Figure 3-2. 

 

Utility input voltage 

VLL rms 1230 V 

Utility frequency 60 Hz 

Output DC voltage - 1500 V DC 

 

 

AC-AC converter 

Bridge rectifier switching 

frequency 

60 Hz 

Bridge inverter switching 

frequency 

720 Hz 

Transformer turns ratio 1/kt Transformer operating 

frequency= 720 Hz 

PV plant specifications 

Module: American Solar 

Wholesale (ASW-260 M) 

40 series modules 

connected in series 

 

15 parallel strings 

VPV=1500 V DC Power=150 kW 

DC link inductor Ld 10 mH 

 

The FFT analysis of the iUa is shown in Figure 3-12. It is clear that the 5th and 7th 

and even 17th, 19th harmonics have been eliminated due to 12-pulse operation. Moreover, 

with the proposed topology, the injected power to the grid can be regulated by adjusting 

the firing angle (𝜶). 

3.5.1. Semiconductors Power Losses Evaluation 

The semiconductor power losses of the presented system can be computed by 

analyzing switching, and conduction losses for each semiconductor switch. For the SCR 
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switch, the commercially available from WESTCODE is used [37]. It is fast turn off 

Thyristor and it can handle up to 1300 V, 260 A. The switching losses for SCR include 

two parts: 

Turn_ONLoss = EON ×  fSW  W/Pulse (3.33) 

Turn_OFFLoss = EOFF ×  fSW  W/Pulse (3.34) 

 

EON and EOFF are the energy per pulse and  fSW is the switching frequency. According to 

[3], the conduction losses can be calculated as follow: 

PConduction =
1

T
∫ VT .  iT dt

T

0

 W 
(3.35) 

=
1

T
∫  (VTO . iT ) + ( ROn .  iT 

2dt) dt
T

0

= VTO ITM ROn .  IT 
2 W 

(3.36) 

 

Where T is the period.  VTO  is the V threshold when the anode current IA is zero,  ITM is 

the average current, which can be found by integrating the instantaneous current or using 

the conducting ratio δ (i.e. conducting period as a percentage of the full cycle). In six pulse 

bridge converter, each SCR conducts for 1200. Therefore, δ =0.333.  IT is the Thyristor 

current (rms value). For this particular SCR that available [37] and according to its 

datasheet PConduction = 85.384 W, Turn_ONLoss = 5.7 W , and Turn_OFFLoss =

14.4  W. The total losses per switch are 105.484 W and the total losses for the 12-pulse 

SCR is 1.2658 kW which is less than 1% from the total power. For the AC-AC converter, 

6.5 kV, 200 A Wolfspeed Cree company SiC switch can be used [38].  
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Figure 3-8 Primary input voltages, currents for the medium frequency phase-shifted 

solid-state transformer SST (VAP, Iap), (VBP, Ibp), and (VCP, Icp). Note that the voltages 

are scaled down by 10 for better resolution. 
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Figure 3-9 FFT analysis for phase “a” primary voltage of the medium frequency 

solid-state transformer VAP. 
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This switch has  RDS_on =20 mΩ. The conduction loss PCond. Loss (SiC) can be calculated as 

given by (3.37) and the switching loss PSW. Loss (SiC) is given by (3.38). 

 PCond.  Loss (SiC) = ( Irms )
2 ×  RDS_on = 20.48 W  (3.37) 

 PSW.  Loss (SiC) = (EON + EOFF) ×  fSW = (130 mJ) × 720 = 93.6 W  (3.38) 

 

 

Figure 3-10 (VPV, IPV), (Vdc1, Vdc1 Average), (Vdc2, Vdc2 Average), (Vdc12-pulse, Vdc12-pulse 

Average). Note VPV is scaled down by 0.5 for better resolution. 
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Figure 3-11 Utility input voltages and unfiltered input currents (Van, 𝐢𝐔𝐚), (Vbn, 𝐢𝐔𝐛), 

(Vcn, 𝐢𝐔𝐜). Note that the voltages are scaled down by 10 for better resolution. 

 

Fundamental 

(60 Hz)

5th and 7th are eliminated

11th 13th 17th and 19th 

are eliminated

iUa FFT

 

Figure 3-12 FFT frequency spectrum for the overall unfiltered input current 𝐢𝐔𝐚. (5th 

, 7th
, 17th and 19th) harmonics have been eliminated using the 12-pulse operation. 
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Figure 3-13 Semiconductor losses break down for the presented topology in Figure 

3-2. The overall switching and conduction losses are less than (3%) of the total power. 

 

The total switching losses for the three phase AC-AC converters for 24 switches are 

2737.92 W which is less than (2%) from the overall total power. The total losses for the 

all semiconductor switches are 4003.74 W which is (2.669%) from the overall power. 

Figure 3-13 shows the losses break down of the proposed topology in Figure 3-2.  

3.6. Experimental Results 

In order to perform the proposed concept, a scale-down laboratory type rated at 1 

kW is designed and tested. Figure 3-14 shows the experimental set up of the presented 

topology in Figure 3-2. The input three phase line to line voltage VLL rms is 90 with line 

frequency 60 Hz. The switching frequency of the AC-AC converter is 720 Hz. The gate 

drive for the SCR switches is designed and constructed using surface mountain  
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Figure 3-14 Prototype scale down 1 kW for the proposed topology in Figure 3-2. 

 

components as shown in Figure 3-15 to drive this particular SCR switch (2N6399) [39]. 

For the AC-AC converter, the IGBT [40] is used for both rectifier and inverter bridge. 

The input voltage sensors are designed and built to sense the input utility voltages (Van, 

Vbn, Vcn) as shown in Figure 3-16. The gate drive for the AC-AC converter is designed 

and constructed too. A physical dead time (1.5 u Sec) was built for AC-AC converter. The 

gate drive signals are generated using the Texas Instrument microcontroller 

(TMS320F28335) [41]. The zig-zag medium frequency transformer is designed to work 

at the medium frequency range 720 Hz. The core material of this transformer is M19 

silicon steel. Figure 3-17 shows the physical zig-zag transformer with dimensions (32 cm 

× 24 cm × 5 cm). The experimental results are similar to the simulation results.  
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Figure 3-15 SCR’s gate drive circuit using surface mount components. 

 

 

 

 

Figure 3-16 Voltage sensors board for the three phase input utility voltages (Van, 

Vbn, Vcn). 
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(a)

(b)

Transformer windings terminals to perform the zig-zag connection

M19 Silicon steel core

 

Figure 3-17 Physical medium frequency zig-zag transformer with dimensions (32 cm 

× 24 cm × 5 cm), 7 KVA  M19 Silicon steel core material used for the experimental 

results. (a) front view, (b) side view. 
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Figure 3-18 shows the three phase medium frequency 720 Hz transformer input voltages 

VAP, VBP, VCP. Evidently, theses input voltages are shifted by (6.667 ms) 1200 to each 

other. Figure 3-19 is VAP FFT confirming the medium frequency operation of the 

transformer. It is evident that the dominant frequency component appears at (720 ± 60) 

Hz, (3×720 ± 60) Hz, (5×720 ± 60) Hz. This enables the transformer to operate at medium 

frequency. The 12-pulse DC output voltage is observed from Figure 3-20; the net 300 

phase-shift (1.667 ms) 300 between the secondary side voltage VAB Sec and tertiary side 

voltage VAB Ter of the presented topology (see Figure 3-2) is observed too. The 300  phase-

shift between the secondary and tertiary sides is evident to allow the 12-pulse operation. 

The voltage and current for T1 switch (see Figure 3-2) are shown in Figure 3-21. When 

the switch is turned off, there is a blocking voltage VAK and the current at this interval 

time is zero. However, when the switch is turned on, VAK almost zero (ignoring the 

forward drop voltage) and there is a current at this interval of time as expected. Figure 3-

22 shows the input line to neutral voltage Van, the overall unfiltered input utility current 

iUa along with its FFT. The frequency spectrum shows that the low order harmonics (5th, 

7th) are eliminated to confirm the 12-pulse operation. Furthermore, the 17th and 19th  

harmonics are eliminated too. The THD of this current is 19%, but it can be improved by 

using a passive input filter. One of the features of the presented topology is the DC output 

voltage can be regulated by adjusting the firing angle (α). Figure 3-23 shows the DC output 

voltage for six-pulse and 12-pulse converter for (α=00). The Vdc1=108 V, Vdc2=110 V, and 

the Vdc12-pulse=231 V. By increasing (α =300), these aforementioned voltages are decreased 

as shown in Figure 3-24.  
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(1200)
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(1200)

 

Figure 3-18 Experimental results for medium frequency transformer primary 

voltages. Ch1: Phase “a” primary voltage VAP, Ch2: Phase “b” primary voltage VBP, 

Ch3: Phase “c” primary voltage VCP. Note: they are shafted by 1200 to each other. 

 

 

(720± 60)

(3×720±60)

(5×720±60) (7×720±60)

VAP

 

Figure 3-19 Experimental results. Ch. 1: Primary voltage VAP; Ch. M: VAP FFT 

analysis shows the dominant frequency component appears around 720 Hz enabling 

the medium frequency operation. 
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VAB Sec

VAB Ter

Vdc12-Pulse

(1.38 ms, 300 Phase shift)

 

Figure 3-20 Experimental results. Ch.1 Line to line voltage of the secondary side VAB-

Sec; Ch.2 Line to Line of the tertiary side VAB-Ter; Ch.3 DC output voltage for the 12-

pulse converter Vdc12-pulse when (α=00) for rectification mode operation. 
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Figure 3-21 Experimental results. Ch.1 Anode cathode voltage VAK for T1; Ch.2 

Anode current IA for T1 (see Figure 3-2). 
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Figure 3-22 Experimental results. Ch. 1: Input line to neutral voltage Van; Ch. 3: 

Unfiltered input current 𝐢𝐔𝐚; Ch. M: 𝐢𝐔𝐚 FFT spectrum analysis. (5th, 7th, 17th and 19th 

are eliminated due to the 12-pulse operation.  

 

 

Vdc1

Vdc2

Vdc12-Pulse

Firing Angle ( α = 00)

 

Figure 3-23 Experimental results. Ch.1: DC output voltage for the first six-pulse SCR 

converter Vdc1=108 V; Ch.2 DC output voltage for the second six-pulse SCR 

converter Vdc1=110 V; Ch. 3: DC output voltage for the 12-pulse converter Vdc12-

Pulse=231 V. The firing angle (α=00). 
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Vdc1

Vdc12-Pulse
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Figure 3-24 Experimental results. Ch.1: Transformer primary voltage VAP; Ch.2: 

DC output voltage for the first six-pulse SCR converter Vdc1=75.6 V; Ch. 3: DC 

output voltage for the 12-pulse converter Vdc12-Pulse=176 V. The firing angle (α=300). 
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Vdc1

Vdc12-Pulse

Firing Angle ( α = 600)

 

Figure 3-25 Experimental results. Ch.1: Transformer primary voltage VAP; Ch.2: 

DC output voltage for the first six-pulse SCR converter Vdc1=68.8 V; Ch. 3: DC 

output voltage for the 12-pulse converter Vdc12-Pulse=137 V. The firing angle (α=600). 
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Vdc12_Pulse

Unfiltered  iUa

 

Figure 3-26 Experimental results. Ch.1: Input line to neutral voltage Van; Ch.3: 

Unfiltered input current iUa; Ch. 2: DC voltage supply=177 V; Ch. 4: DC output 

voltage for the 12-pulse converter Vdc12-Pulse= -146 V. The firing angle (α=1400). 

 

 

Vdc1=75.6 V and Vdc12-pulse=176 V. Further increasing the firing angle (α =600), these 

voltages are decreased further as shown in Figure 3-25 Vdc1=68.8 V and Vdc12-pulse=137 V. 

The SCR switch can work for more than one quadrant. For the inversion mode operation, 

the firing angle should be (90 > α >180) theoretically, but in practical (α<180). To confirm 

the inversion mode operation, DC voltage source has been connected at the output terminal 

of the 12-pulse converter with inductor (Ld=2.1 mH). The firing angle sets (α=1400) to let 

the power goes back from the DC side to the utility AC side. Figure 3-26 shows the input 

line to neutral voltage Van and the phase “a” unfiltered input current iUa. They are out of 

phase confirming the inversion mode operation. 



 

72 

 

3.7. Open Delta Scheme for 12-Pulse SCR Converter with Medium Frequency 

Integrated Solid-State Transformer 

In order to increase the reliability of the proposed topology in Figure 3-2 by 

minimizing the number of semiconductor components, the open delta connection can be 

used. It will decrease the number of AC-AC converters. Instead of using three AC-AC 

converters that have twenty-four active switches, with the open delta concept, it is possible 

to use only two AC-AC converters that have only sixteen switches. Moreover, this concept 

reduces the transformer windings too. The system efficiency will be improved by reducing 

the losses of the AC-AC converter and transformer windings losses. Figure 3-27 shows 

the proposed concept of open delta connection for 12-pulse SCR converter using zig-zag 

phase-shift medium frequency MF solid-state transformer SST and the proposed hybrid 

step-up DC-DC converter. The proposed step-up DC-DC converter is explained in the 

previous section. 

3.7.1. Open Delta Phase-Shift Transformer Phasor Diagram 

The phasor diagram of the open delta transformer is illustrated in Figure 3-28. 

Mainly, each phase has one primary winding and six secondary windings (see Figure 3-

27). In order to design the net (-150, +150) phase-shift that should be created between the 

secondary and tertiary side, equation (3.39) explains how to get the (-150) phase shift at 

the secondary side with respect to the primary voltages. Simplifying the previous equation 

further to get the transformer designed turns ratio yields to equation (3.40). 
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Figure 3-27 Proposed medium frequency open delta solid-state transformer for 12-pulse SCR converter and the proposed 

hybrid step-up DC-DC converter.
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Figure 3-28 Phasor diagram of the proposed open delta phase-shift transformer to 

create a (300) phase-shift between the secondary and tertiary sides. Each phase has 

one primary winding and six secondary windings (see Figure 3-27). 

 

Ns3. Vab + Ns1. Vbc + Ns1. Vab + Ns1. Vbc (3.39) 

= Ns3 ⦟300 + Ns1( 2⦟ − 900 + 1 ⦟300) = 1 ⦟ − 150  

Np1: Ns1: Ns2: Ns3: Ns4: Ns5: Ns6 = 1: 0.15: 0.15: 0.97: 0.97: 0.15: 0.15 (3.40) 
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3.7.2. Open Delta Simulation Results 

The presented concept of open delta scheme (see Figure 3-27) for 12-pulse SCR 

converter has been simulated using MATLAB software to verify the concept. The design 

example parameters are listed in Table 3-4. Figure 3-29 shows the 1.5 kV PV plant voltage 

VPV=1500V, the step-up DC-DC converter output voltage VBoost=6kV, and the PV plant 

current IPV=380A. Figure 3-30 demonstrates the DC voltage of each six-pulse (Vdc1, Vdc1-

Ave), (Vdc2, Vdc2-Ave), and the dc output voltage of the 12-six-pulse (Vdc12-pulse, Vdc12pulse-Ave).  

 

Table 3-4 Simulation parameters for the design example of the proposed open delta 

concept in Figure 3-27. 

PV Plant 

Module type American Solae Wholesale ASW-260 

Number of series panels=35 Number of parallel strings=55 

PV Generated power=0.5 MW VPV = 1.5 kV 

Utility grid voltage= 2.26 kV Utility grid frequency=60 Hz 

SCR parameters for 12-pulse converter 

SCR switching frequency= 720 Hz α = 1600, Ld=10 mH 

Hybrid step-up DC-DC converter 

C1=100 uF, L1=150 uH C2=100 uF, L2=150 uH 

Vin=1500 V Vout=6000 V 

Switching frequency 10 kHz D1=0.5, D2=0.667 
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Figure 3-31 shows the medium frequency 720 Hz open delta transformer primary 

voltages and currents (see Figure 3-27). The medium frequency secondary voltages and 

currents for the open delta phase-shift solid-state transformer are shown in Figure 3-32. 

The medium frequency tertiary side voltages and currents are shown in Figure 3-33. 

Finally, Figure 3-34 shows the overall utility side voltages and their associated unfiltered 

currents (Vab, iUa), (Vbc, iUb), (Vca, iUc). Note that all the currents have been multiplied by 

3 for better resolution. The FFT spectrum analysis for the overall unfiltered input current 

for phase “a” iUa is shown in Figure 3-35. It is shown the low order harmonics (5th,7th) are 

eliminated by the 12-pulse operation. Furthermore, the (17th,19th) are eliminated too. The 

simulation results demonstrate a good input current quality same as the conventional 12-

pulse converter. However, this concept replaces the line frequency (50/60) Hz transformer 

by medium frequency 720 Hz one. Furthermore, the open delta concept improves the 

reliability, efficiency, and power density of the overall converter. 
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Figure 3-29  VPV=1.5 kV PV plant voltage, hybrid step-up DC-DC converter output 

voltage= 6kV, IPV=380 A PV plant current. 
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Figure 3-30  Output voltage of first six-pulse (Vdc1, Vdc1-Ave), output voltage of second 

six-pulse (Vdc2, Vdc2-Ave), output voltage of the 12- pulse (Vdc12-pulse, Vdc12pulse-Ave). 
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ib-P  ×3Vbc-P
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Figure 3-31 Primary voltages and currents for the open delta phase-shift solid-state 

transformer (Vab-P, ia-P×3), (Vbc-P, ib-P×3). Note the input currents have been multiplied 

by 3 for better resolution. 
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Figure 3-32 Secondary voltages and currents for the open delta phase-shift solid-state 

transformer (Vab-Sec, ia-Sec×3), (Vbc-Sec, ib-Sec×3), (Vca-Sec, ic-Sec×3). Note the secondary 

currents have been multiplied by 3 for better resolution. 
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Figure 3-33 Tertiary voltages and currents for the open delta phase-shift solid-state 

transformer (Vab-Ter, ia-Ter× 3), (Vbc-Ter, ib-Ter× 3), (Vca-Ter, ic-Ter× 3). Note the tertiary 

currents have been multiplied by 3 for better resolution. 
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Vab , iUa  × 3

Vbc , iUb  × 3

Vca , iUc  × 3

 
Figure 3-34 Utility input voltages and currents (Vab, iUa× 3), (Vbc, iUb× 3), (Vca, iUc× 

3). Note the input utility currents have been multiplied by 3 for better resolution. 
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Figure 3-35 FFT analysis for phase “a” utility input current iUa. 

 

3.8. Conclusion  

In this section, a medium voltage DC collection grid with medium frequency 720 

Hz integrated solid-state transformer, and 12-pulse SCR converter is presented. 

Simulation results with detailed design example along with scale down 1 kW laboratory 

prototype experimental results demonstrate the operation of 12-pulse SCR converter. The 

results show the capability of bidirectional power flow between the AC and DC side. The 

input current has a very good quality by eliminating the low order harmonics, e.g. (5th, 7th, 

17th, 19th), which is the same as the conventional 12-pulse operation. Furthermore, a new 

concept of open delta medium frequency integrated solid-state transformer is presented. 

The system reliability, efficiency, and power density are improved by eliminating one of 
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the AC-AC converters and transformer windings, while maintaining the same input 

current quality of 12-pulse operation.   
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4.         HIGH FREQUENCY INTEGRATED SOLID-STATE TRANSFORMER 

(SST) FOR UTILITY INTERFACE OF SOLAR PV / BATTERY ENERGY 

STORAGE SYSTEMS 

 

In this section, a high frequency solid-state transformer SST concept for utility 

interface of solar PV / battery energy storage system is proposed. The primary side consists 

of three 1-phase AC-AC converter blocks with a weak dc-link (small film capacitor) 

interfaced with a high frequency transformer. The secondary side of the transformer is 

connected to the three phase pulse width modulation PWM current source converter CSC. 

The input of AC-AC converters are modulated using high frequency square wave 20 kHz 

with 50% duty cycle. The output of the three phase current source converter is controlled 

with selective harmonic elimination SHE pulse width modulation PWM technique with 

5th, 7th, 11th, 13th harmonics elimination. It is shown that the utility line currents are of high 

quality with the elimination of lower order harmonic currents. The proposed approach has 

the advantage of higher power density, absence of electrolytic capacitors, higher 

frequency isolation, and higher input current quality. Simulation results are presented on 

120 kW solar PV system employing 1500 V DC. Experimental results for a scale down 1 

kW laboratory prototype are discussed too.  

 

 

 Part of this section is reprinted with permission from:  

© 2020 IEEE. S. Sabry and P. Enjeti, "High Frequency Integrated Solid State Transformer (SST) for Utility 

Interface of Solar PV / Battery Energy Storage Systems," 2020 IEEE Applied Power Electronics Conference 

and Exposition (APEC), New Orleans, LA, USA, 2020, pp. 546-553. 
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4.1. Introduction 

Worldwide electrical consumption is rapidly increasing, which is leading to rise 

demand on renewable energy systems. The growth of sharing in 2000 was about 1%, while 

in 2018 increased to 26%. Most of the power sharing comes from solar systems. This 

motivates most countries to develop and expand their renewable capacity base. According 

to the global energy statistic yearbook in 2019, renewable energies cover 36% of the power 

generation in Europe, 26% in China, 18% in the United States, India, and Japan [42]. 

Figure 4-1 shows the conventional PV grid-tied using line frequency 60 Hz transformer. 

The drawback of this approach is using the line frequency bulky transformer. In the recent 

past, interest in employing a solid-state transformer for utility interface has been 

increasing. This section proposed a new concept of a PWM controlled current source 

converter along with an integrated high frequency solid-state transformer. In general, there 

are two types of CSC; line commuted converter and PWM converter. The line commutated 

uses silicon control rectifier SCR whose commutation is assisted by a load while the PWM 

converter uses switches IGBT/MOSFET for the self-commutated [44,45]. The 

disadvantage of CSC is high conduction losses due to the series connection of the diode 

for the reverse blocking capability [42]. Employing wide bandgap devices such as Silicon 

carbide SiC, Gallium nitride Gan for the series blocking diode enhances the operation of 

the CSC due to their low losses [43]. The line commutated rectifier using SCR converter 

is discussed in [36]. Figure 4-2 shows a simple three phase grid-tied PWM CSC. The CSC 

has rules that have to be met. For instance, at any interval of time except the commutation 

time, there are two switches conducting, one from the top half and one from the bottom  
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Figure 4-1 Conventional solar PV grid-tied with line frequency (50/60) Hz 

transformer. 

 

half of the three phase converter to make sure the continuity of the DC current is valid 

[48]. A PWM controlled CSC is robust in operation with many advantages [46,50]. 

Selective harmonic elimination SHE is a pre-calculated modulation scheme which it has 

the capability to eliminate the unwanted low order harmonics of the input utility current. 

The switching angles are offline calculations in order to import them to a digital controller 

for the implementation [48,49]. Many approaches for the solid-state transformer have been 

proposed [51-63]. SST is called power electronic transformer, or smart transformer has 

some advantages, low size (volume), less weight, unity power factor, fault isolation, and 

insensitive to harmonics [51,53]. Replacing line frequency transformer by SST has been 

considered in such applications, for example, aircraft, traction where weight and volume 

are substantially significant, and good efficiency can be achieved [51]. The power 

electronic stage in the SST can be used to fully control voltages, currents, active and 

reactive power flow [63]. Thus, SST can be the key element of future smart distribution 

systems. In [51], a configuration of three phase SST for feedforward control was  
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Figure 4-2 Three phase grid-tied current source converter. 

 

 

presented, as shown in Figure 4-3. This topology has multiple stages; rectifier, dual active 

bridge DAB, and inverter stage. In addition, it has dc-link CH and CL. Furthermore, the 

power transfer is limited since it uses one single phase transformer. In [52], a new concept 

of SST has been proposed using soft-switching technique, as shown in Figure 4-4. This 

concept has 12 main active devices and an auxiliary resonant circuit. In this approach, the 

three phase power transfer is also limited due to using one single phase transformer and it 

uses fly-back concept to transfer the power. In other words, the power is not directly 

coupled to the transformer. This section discusses the operation of the CSC using 

integrated SST and simple SHE PWM technique. The presented topology is shown in 

Figure 4-5.  While the SST interfaced to the utility operates at a fixed frequency 20kHz, 
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Figure 4-3 Configuration of three phase solid-state transformer that has three stages 

rectifier, dual active bridge DAB and inverter stage. Adapted from [51]. 

 

the PWM CSC is controlled with selective harmonic elimination SHE with 5th, 7th, 11th, 

and 13th eliminated to result in a near sinusoidal utility line current. It is important to 

combine high frequency 20kHz for SST to realize high power density with low frequency 

SHE control of PWM CSC. The aspect of selecting frequency separation in the control of 

the proposed converter is detailed in the input current analysis subsection. The proposed 

approach has the following advantages:  

1) Galvanic isolation by SST is provided via a high frequency 20kHz, resulting in 

higher power density.  

2) The approach is capable of bidirectional power flow. It could be used for grid-tied 

PV or electric vehicle EV battery fast-charging stations. 

3) Low order harmonics in the utility line current are eliminated, improving power 

quality. 
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Figure 4-4 Configuration of three phase soft-switching solid-state transformer. 

Adapted from [52]. 

 

4) No electrolytic capacitors are employed, and the CSC offers a more robust 

operation with enhanced reliability. 

4.2. Selective Harmonics Elimination Pulse Width Modulation SHE PWM 

The SHE (Programmable) PWM does not have a carrier signal, as shown in Figure 

4-6. For the optimization function, many objective functions can be used, such as selective 

harmonic elimination, Minimum total harmonics distortion THD, reduced acoustic noise, 

minimum losses, and torque pulsations. One of the objective functions could be a selective 

harmonics elimination. The switching angles are pre-calculated and defined between 

(0 to 
π

2
 ) degree, as stated in equation (4.1) [49]. 
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Figure 4-5 Proposed topology of bidirectional power flow current source converter using high frequency integrated solid-

state transformer SST for utility interface of solar PV / battery energy storage systems. Reprinted with the permission 

from © 2020 IEEE [48]. 
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From (
π

2
 to  π), the same switching angles are going to be folded, and between (π to 2π) 

are going to be the mirror for the first half cycle, except it is negative. If the condition of 

equation (4.1) is met, then the Fourier series coefficients can be written as given by (4.2-

4.4) and solved for an optimization function. N represents the number of the switching 

angles, (N-1) refers to the number of harmonics to be eliminated [47].  

   α1 < α2 < α3 … . . < αN <
π

2
 (4.1) 

a0 = 0 (4.2) 

an     =
4

nπ
[1 + 2∑(−1)k 𝑐𝑜𝑠(𝑘αk)]

N

k=1

 

 

(4.3) 

bn = 0 (4.4) 
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π/2 

π

3π/2 2π

(π-α3) 

(π-α2) 
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Figure 4-6 Line to neutral switching pattern for one cycle that has three angles (α1, 

α2, α3) to eliminate the (5th,7th) harmonics and control the fundamental amplitude 

(a1). Reprinted with the permission from © 2020 IEEE [48].  
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The advantages of the SHE PWM technique are; reducing the switching frequency 

compare to the conventional sin PWM to achieve the same THD performance, it is suitable 

for high power application where the switching frequency is limited due to high losses, 

over modulation can be achieved. The bn coefficient is zero because it is an odd function 

and it has quadratic symmetry. Solving the non-linear transcendental equations (4.5) for 

the angles ( α1, α2, … , αN) is explained in [49]. The switching angles to eliminate the low 

order harmonics 5th,7th… up to N-1 are listed in Table 4-1. In order to control the 

fundamental amplitude waveform (a1), an additional angle is assigned (𝛼𝑁). For the phase 

“b” and “c”, the angles are going to be the same except they are phase shifted by 120 

degree respectively. 

[
 
 
 

2 𝑐𝑜𝑠(α1) −2 𝑐𝑜𝑠(α2)           … 2(−1)N+1 𝑐𝑜𝑠(αN)

2 𝑐𝑜𝑠(5α1) −2 𝑐𝑜𝑠(5α2)        … 2(−1)N+1 𝑐𝑜𝑠(5αN)
⋮

2 𝑐𝑜𝑠(x1) α1

⋮
−2 𝑐𝑜𝑠(x1) α1         ….

⋮
2(−1)N+1𝑐𝑜𝑠(x1) α1]

 
 
 
= [

πα1

4
+ 1

1.
1

] 

 

(4.5) 

 

Table 4-1 Switching angles for line to neutral selective harmonic elimination for 

different objective functions including control the fundamental amplitude (a1). 

Fundamental 

Amplitude (a1) 

 

α1 

 

α2 

 

α3 

 

α4 

 

α5 

Harmonics 

Eliminated 

1.18 8.240 23.278 26.835 - -  

5th and 7th 1.0 14.85 37.60 44.08 - - 

0.5 22.99 32.29 56.68 - - 

0.25 26.57 32.29 56.68 - - 

1.15 7.89 22.54 25.64 76.93 77.91 5th ,7th ,11th 

,13th 1 7.05 24.39 29.83 69.83 73.25 

0.5 3.65 22.78 35.54 64.42 76.21 
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Figure 4-6 shows the line to neutral switching scheme that has all the tripled harmonics. 

For the line to line waveforms, all tripled odd harmonics can be eliminated by the concept 

of three phase system 1200 phase-shift, as explained by [48]. The unwanted low order 

harmonics are eliminated up to the first dominant harmonic using the objective function 

of the selected low order harmonics.  

4.3. Proposed High Frequency Integrated Solid-State Transformer with Selective 

Harmonics Elimination Technique for Utility Interface 

The proposed topology of high frequency integrated SST concept for utility 

interface of solar or battery energy storage system is shown in Figure 4-5. The analysis of 

the presented topology is divided into the following parts: bidirectional AC-AC converter, 

high frequency transformer, three phase SHE PWM current source converter.  

4.3.1. Bidirectional AC-AC Converter 

  The proposed topology that is shown in Figure 4-5 consists of three bidirectional 

AC-AC converters. Each one composes a single phase bridge rectifier, small film 

capacitor (weak dc-link 5 uF), and followed by a full bridge inverter. The three phase 

utility input voltages are given by (4.6-4.8), ⍵𝑠 is the line frequency. The bridge rectifier 

of the AC-AC converter is switched at line frequency with a switching function SRec, as 

shown in Figure 4-7 (b) and given by (4.9), which means low switching losses. However, 

the inverter bridge's switching function SInv is a high frequency 20 kHz square wave 50% 

duty cycle, as demonstrated in Figure 4-7 (c) and given by (4.10). 
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Van = √ 
2

3
 VLL 𝑠𝑖𝑛(⍵s. t) 

 

(4.6) 

Vbn = √ 
2

3
 VLL 𝑠𝑖𝑛(⍵s. t −

2π

3
) 

 

(4.7) 

Vcn = √ 
2

3
 VLL 𝑠𝑖𝑛(⍵s. t +

2π

3
) 

 

(4.8) 

 

The switching function of the inverter bridge is switched in such a way that the 

overall switching function of the three AC-AC converters is going to be the same square 

wave high frequency with fundamental frequency ⍵HF 20 kHz 50% duty cycle (D=0.5). 

The overall AC-AC converter switching function  SWAC−AC is shown in Figure 4-7 (d) 

and given by (4.11). The high frequency AC link at the output of the AC-AC converter 

for the phase “a” VAP  is given by (4.12) and shown in Figure 4-7(e). VAP is generated by 

multiplying the input line frequency utility voltage Van with the overall high frequency 

switching function SWAC−AC (see Figure 4-7). The output voltage of the converter is 

applied to the primary windings of the high frequency transformer.  From equation (4.12), 

It can be seen that the fundamental voltage of  VAP depends mainly on ⍵HF. Evidently, the 

transformer works at 20 kHz, which results in reducing the size of its core and leads to 

improve the power density of the overall converter. Since all three AC-AC converters use 

the same high frequency square wave 20 kHz ⍵𝐻𝐹, 
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1
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Time (s)
0.05 0.06
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(b)
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(c)

-1

-1

-1

 

Figure 4-7 AC-AC converter switching functions (a) line to neutral input voltage Van 

(b) line frequency switching function for the rectifier bridge SRec, (c) high frequency 

switching function for the inverter bridge SInv, (d) switching function for the overall 

AC-AC converter SWAC-AC, (e) phase “a” high frequency output voltage AC-AC 

converter VAP.  

 

but their input line frequency voltages are shifted by120 degree. Thus, the high frequency 

link VBP, VCP that associated with phase “b”, and ”c” respectively are going to be the same, 

except they are displaced by 120 degree to each other. 

 

SRec =
4

π
∑

1

n

∞

n=1,3,5,7,…..

 𝑠𝑖𝑛(n.⍵s. t).  

 

  (4.9) 
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S Inv = ∑
1

n
𝑠𝑖𝑛(n.⍵ HF. t)

∞

n=1,3,5….

 

 

(4.10) 

SWAC−AC = SRec × SInv = 
4

π
∑

1

n

∞

n=1,3,5,7,…..

 𝑠𝑖𝑛(n. π. D). 𝑠𝑖𝑛(n.⍵HF. t) 

 

(4.11) 

VAP = Van × SWAC−AC

= √ 
2

3
 VLL ∑

2

nπ

∞

n=1,3,5,7,…..

 𝑠𝑖𝑛(n. π. D). 𝑠𝑖𝑛([n. ⍵HF ± ⍵s]. t) 

 

 

(4.12) 

 

The modulation scheme for the AC-AC converter is simple and easy to build. The 

most substantial step is to detect the zero-crossing points for the three phase input voltages 

to synchronize the modulation. The maximum voltage of the AC-AC converter occurs at 

(D=0.5). For (D>0.5), there will be a short circuit, which means this state would be 

prohibited. For (D<0.5), zero states will appear at the output voltage of the AC-AC 

converter, which results in reducing the output voltage of the AC-AC converter. Series 

stacks of AC-AC converter can be used for high voltage level (see Figure 4-5). 

4.3.2. High Frequency Transformer 

   The second part of the presented topology is the high frequency transformer HFT. 

As shown in Figure 4-5, it has three primary windings and three secondary windings with 

unity turns ratio. It is a simple star to star connection. The primary side of the HFT is 

interfaced with the output of the AC-AC converters while the secondary side is connected 

to the three phase CSC. The HFT substantially affects the power density of the overall 
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presented topology. Even though increasing the transformer frequency operation will 

improve the power density, however, working at high frequency will increase the AC-AC 

converter’s losses and the transformer’s core losses. The switching frequency should be 

selected without scarifying the efficiency (high losses) in order to improve the power 

density. The second factor to improve power density is choosing a suitable magnetic core 

material. Silicon steel core material would be preferable for frequency range less than 1 

kHz while Amorph core material would be suitable for frequency range between (1-2) 

kHz according to [64]. For high frequency operation 20 kHz, Ferrite core material should 

be chosen because silicon steel material absorbs high losses for operating frequency more 

than 1 kHz [65]. The transformer core structure has five limbs, as shown in Figure 4-8. 

The function of the outer limbs is to prevent the core saturation by carrying the unbalanced 

flux lines [66].  

4.3.3. Three Phase Current Source Converter CSC Using Selective Harmonics 

Elimination SHE Pulse Width Modulation PWM 

  The last part of the presented topology is the current source converter CSC using 

SHE PWM. The CSC consists of six unidirectional switches (switch in series with a 

diode). This converter has been interfaced with the secondary side of the HFT (see Figure 

4-5). Each switch follows by a diode to enable the reverse blocking voltage capability and 

enforce the current to flow in one direction. These diodes should be able to switch at 
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Exterior limbs to carry the unbalance flux

Interior limbs to carry the main flux

NAPrimary

NASecondary

NBPrimary

NBSecondary

NCPrimary

NCSecondary

 

Figure 4-8 Five limbs high frequency transformer, it has two exterior limbs to carry 

the unbalanced flux lines and three interior limbs for the main flux lines. Reprinted 

with the permission from © 2020 IEEE [48].  

 

high frequency 20kHz, and they should have fast recovery time to avoid high switching 

losses. The presented topology uses simple selective harmonics elimination pulse width 

modulation (programmable PWM) to eliminate the low order harmonics (5th,7th,11th,13th) 

from the unfiltered input utility current iUa, iUb, iUc (see Figure 4-5). The advantages of 

SHE PWM are mentioned in [48,49]. After selecting up to which low order harmonic to 

be eliminated, equation (4.5) has to be solved in order to find the angles. Table 4-1 

demonstrates the switching angles for different selective harmonics objective functions 

and fundamental amplitude value (a1). Once the angles are defined, a bipolar line to neutral 

switching function S1 is defined. This switching function would be for phase “a”. The 

associated switching functions for phase “b” S2, and “c” S3 would be the same, except 

they are shifted by 120 degree respectively. Figure 4-9 shows the line to neutral bipolar 

switching function S1, S2, and S3. These switching functions are used to eliminate the 



 

97 

 

(5th,7th,11th,13th) harmonics and set the fundamental amplitude to (a1=1.15). However, 

these functions S1, S2, S3 have all tripled harmonics as shown in Figure 4-10. In order to 

eliminate the tripled harmonics, a new set of line to line unipolar switching functions Sa, 

Sb, Sc can be found as given by (4.13 - 4.15) and illustrated in Figure 4-11. The unipolar 

switching functions Sa, Sb, Sc are the desired waveforms for the unfiltered input utility 

currents iua, iub, iuc (see Figure 4-5). 

 

Sa = S1 − S2 (4.13) 

Sb = S2 − S3 (4.14) 

Sc = S3 − S1 (4.15) 

 

The sum of theses unipolar switching functions should be added to zero for three phase 

balanced condition. The FFT spectrum of these switching functions is depicted in Figure 

4-12. All tripled harmonics have been removed due to the nature of the three phase system. 

The first dominant harmonics is (17th =1020 Hz). The switching condition of the three 

phase CSC are going to be the unipolar switching functions Sa, Sb, Sc multiplied by the 

switching function of the AC-AC converter SWAC−AC (see in equations 4.16 - 4.18). To 

find the gating signals condition of legA CSC (see Figure 4-5), when the switching function 

SWA is positive, the switch Q1 of the CSC is turned on while if SWA is negative, the switch 

Q4 is turned on. When SWA is zero, both Q1 and Q4 should be turned off. For LegB and 

LegC, the conduction sates can be found in the same manner.  
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Figure 4-9 Line to neutral bipolar switching functions (S1, S2, S3) to eliminate the 

(5th,7th,11th,13th), (α1 = 7.890, α2 = 22.540, α3 = 25.640, α4 = 76.930, α5 = 77.910). 

Fundamental amplitude value is (a1=1.15) (see Table 4-1). 
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Figure 4-10 FFT analysis of line to neutral bipolar switching functions (S1, S2, S3). 

The eliminated harmonics are (5th,7th,11th,13th). Note that the tripled harmonics are 

there. 
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Figure 4-11 Line to line unipolar switching functions (Sa, Sb, Sc) to eliminate the 

(5th,7th,11th,13th) and all tripled harmonics (see equations 4.13-4.15).  

 

 

Figure 4-12 FFT analysis of the line to line unipolar switching function (Sa, Sb, Sc) to 

eliminate the (5th,7th,11th,13th) harmonics. Note that there are no tripled harmonics. 
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SWA = Sa × SWAC−AC (4.16) 

SWB = Sb × SWAC−AC (4.17) 

SWC = Sc × SWAC−AC (4.18) 

 

For the SHE PWM, there are some moments of the overall switching function ( SWA +

SWB + SWC = 0 ). At those moments, a freewheeling path should be provided by 

activating one of the CSC’s legs. For the rectification mode operation, the output voltage 

of this converter is demonstrated by (4.19), and the average DC output voltage is given by 

(4.20). 

 

Vrect = SWA × Van + SWB × Vbn + SWC × Vcn (4.19) 

Vrect,AVE =
4

3
× a1 × VLL 

(4.20) 

 

4.4. Input Current Analysis 

  The unfiltered input current for the phase “a” is given by (4.21).  IAP is the phase 

“a” transformer primary winding current (see Figure 4-5). To find the relationship between 

the primary and secondary current, the transformer volt-ampere balanced can be used as 

given by (4.22). IAP is the same as IAS since the transformer has unity turns ratio. The 

Fourier series coefficients of the line to neutral switching function S1 are given by 

equations (4.23 - 4.25). S1 has all tripled harmonics as given by (4.26) and shown in Figure 

4-10. However, the line to line unipolar switching function Sa for the phase “a” that is 
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shown in Figure 4-11 does not have tripled harmonics as given by (4.27) and shown in 

Figure 4-12.  

IUa = SWAC−AC × IAP (4.21) 

NPA × IAP = NSA × IAS (4.22) 

a0 =
1

T
 ∫ S1

T

0

(t). dt = 0 
(4.23) 

an =
2

T
 ∫ S1

T

0

(t). 𝑐𝑜𝑠 (
2π. n. t

T
) . dt = 0 

 

(4.24) 

bn =
2

T
 ∫ S1

T

0

(t). 𝑠𝑖𝑛 (
2π. n. t

T
) . dt 

(4.25) 

S1(t) = ∑ bn 𝑠𝑖𝑛(𝑛.⍵s. 𝑡)

∞

n=1,3,9,17,19,23,29..etc

 
 

(4.26) 

Sa(t) = ∑ bn 𝑠𝑖𝑛(𝑛.⍵s. 𝑡)

∞

n=1,17,19,23,29..etc

 
 

(4.27) 

 

Sa(t) is the designed switching function for the unfiltered input current for the phase “a” 

Therefore, 

 

IA(t) = ∑ In 𝑠𝑖𝑛(𝑛.⍵s. 𝑡) = I1 𝑠𝑖𝑛(⍵s. 𝑡)

∞

n=1,17,19,23,29..etc

+ I17 𝑠𝑖𝑛(17.⍵s. 𝑡) + I19 𝑠𝑖𝑛(19.⍵s. 𝑡) + I23 𝑠𝑖𝑛(23.⍵s. 𝑡)

+ I29 𝑠𝑖𝑛(29.⍵s. 𝑡) + ⋯Higher order terms. 

 

(4.28) 
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After the fundamental, the first dominant harmonic appears at 17th (1020 Hz). The 

transformer’s primary winding current is given by (4.29). SWAC−AC is the high frequency 

switching function of the overall AC-AC converter, which is provided by (4.11). 

IAP(t) = SWAC−AC × IA(t) (4.29) 

 

Plugging equations (4.11) and (4.28) into (4.29) yields: 

IAP(t) = SWAC−AC × [

I1 𝑠𝑖𝑛(⍵s. 𝑡) +I17 𝑠𝑖𝑛(17.⍵s. 𝑡)

+I19 𝑠𝑖𝑛(19.⍵s. 𝑡) +I23 𝑠𝑖𝑛(23.⍵s. 𝑡)

+I29 𝑠𝑖𝑛(29.⍵s. 𝑡) + …High order terms

] 

 

(4.30) 

 

The overall unfiltered phase “a” current IUa can be determined by substituting (4.30) into 

(4.21)  

IUa(t) = SWAC−AC × SWAC−AC

× [

I1 𝑠𝑖𝑛(⍵𝑠. 𝑡)  + I17 𝑠𝑖𝑛(17.⍵s. 𝑡)

+I19 𝑠𝑖𝑛(19.⍵s. 𝑡) +I23 𝑠𝑖𝑛(23. ⍵s. 𝑡)

+I29 𝑠𝑖𝑛(29.⍵s. 𝑡) + …High order terms

] 

 

(4.31) 

 

For 50% duty cycle (D=0.5),  

SWAC−AC × SWAC−AC = [SRec × SInv]
2

= [
4

π
∑

1

n

∞

n=1,3,5,7,…..

 𝑠𝑖𝑛(n. π. D). 𝑠𝑖𝑛(n.⍵HF. t)]

2

= 1 

 

 

(4.32) 

 

Therefore, simplifying the IUa further, yields to: 
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IUa(t) = [

I1 𝑠𝑖𝑛(⍵s. 𝑡)  + I17 𝑠𝑖𝑛(17.⍵s. 𝑡)

+I19 𝑠𝑖𝑛(19.⍵s. 𝑡) +I23 𝑠𝑖𝑛(23.⍵s. 𝑡)

+I29 𝑠𝑖𝑛(29.⍵s. 𝑡) + …High order terms

] 

 

(4.33) 

 

Evidently, the unfiltered input current IUa for the phase “a” does not have the 

eliminated non-tripled low order harmonics (e.g., 5th, 7th, 11th, 13th). The mathematical 

analysis proves that the presented topology has good input current quality. Using the high 

frequency solid-state transformer won’t affect the input current quality instead of 

replacing the bulky line frequency transformer by a high frequency transformer which, 

results in improving the power density of the overall topology. 

4.5. Design Example 

Many types of PV panels are available in the market [67,68]. According to the 

Solarex data sheet [67], the specification parameters for the one-panel solar cell are listed 

in Table 4-2. PV panel has been simulated using PSIM software. The IV and PV 

characteristic curves for one panel are shown in Figure 4-13. In order to design a PV farm 

(1.5 kV output DC voltage, 120 kW), a combination of series panels Ns=88 and parallel 

strings Np=23 have to be connected. After connecting these combinations and simulating 

the PV farm using PSIM, the IV and PV characteristics curves for different sun irradiance 

levels are shown in Figure 4-14. The semiconductor device ratings for the proposed 

topology are listed in Table 4-3. Assuming the power factor is (0.95). For 120 kW power, 

the IPV is given by (4.34). The high frequency transformer’s ratings are listed in Table 4-

4. 
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Table 4-2 Solarex one-panel parameters.  

Number of Cells Ns per 

panel 

36 Standard Light Intensity  1000 W/m 

Ref. Temperature Tref 25 Series Resistance Rs 0.008 Ohm 

Shunt Resistance Rsh 1000 Short Circuit Current Isco 3.8 A 

Saturation Current Iso 2.16×10-8 A Band Energy Eg 1.12 

Identity Factor A 1.2 Temperature coefficient Ct 0.00247 

 

IPV =
PPV

VPV
=

120 𝑘𝑊

1.5 𝑘𝑉
= 80 A 

(4.34) 

 

Voltage (V)

1000 W/m2

1000 W/m2

Current (A) for full sun irradiance level

Power (W) for full sun irradiance level

 

Figure 4-13 IV and PV characteristics for one-panel according to the Solarex data 

sheet for full sun irradiance level. 

 

4.6. Simulation Results 

The previous design example was simulated using PSIM software to verify the 

proposed concept. The specific parameters for the design example are listed in Table 4-5.  
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Figure 4-14 IV and PV characteristics for the designed PV farm 1.5 kV, 120 kW for 

different sun irradiance levels. 

 

The high frequency transformer 20 kHz primary voltages VAP, VBP, VCP are shown in 

Figure 4-15, and their FFT spectrum analysis are shown in Figure 4-16. It is clear that the 

dominant frequency of these voltages appears around 20 kHz, which implies that the 

transformer works at high frequency. Since the transformer works at high frequency, that 

is evident to decrease its core size and weight. For the three phase CSC, SHE PWM is 

used to eliminate the low order harmonics 5th,7th,11th,13th from the utility input current. 

Equation (4.5) has to be solved first to find the set of switching angles (α1, α2, α3, α4, α5) 

[48]. Multiple solution can be existed for the switching angles. 
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Table 4-3 Semiconductor device ratings for the desing example of the  presented 

topology in Figure 4-5. 

Switches Rated parameters Expression Measured value for   

120 kW 

 

Rectifier bridge 

of the AC-AC 

converter 

 

Peak voltage 
 √

2

3
 VLL 

 

  1004.29 Volt 

Peak current IPV 80A 

Rms current √6 . a1

4. √2 . PF
. IPV 

41.93A 

 

Inverter bridge 

of the AC-AC 

converter 

 

 

 

 

Peak voltage √
2

3
 VLL 

 

1004.29 Volt 

Peak current IPV 80A 

 

 

Rms current 
√

2

π
 (

π

12
+ 

1

4
)  IPV 

 

45.66A 

 

 

Three phase 

current source 

converter  

Peak voltage √2 VLL 1739.48 

Peak current IPV 80A 

 

Rms current 
√

2

π
 (

π

12
+ 

1

4
)  IPV  

 

 

56.09 
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Table 4-4 High frequency transformer ratings for the design example of the 

presented topology in Figure 4-5. 

 

Primary side windings 

Voltage Vpri rms VLL = 0.82 VPV 

Current  Ipri rms 0.8 IPV 

 

Secondary side windings 

Voltage Vsec rms VLL = 0.82 VPV 

Current  Isec rms 0.8 IPV 

Volt-Ampere rating calculation 

Transformer VA

= ∑( 
Vrms  Irms 

2
)  =  ( 

VLL IPA 

2
) × 3 × 2 = ( 0.82 VPV 0.8 IPV) × 3

= 1.968 POut 

 

 

Table 4-5 Simulation parameters for the design example of the proposed topology in 

Figure 4-5. 

Utility medium voltage VLL rms 2.4 kV 

Utility frequency 60 Hz 

Output DC voltage -1500 V DC 

 

AC-AC converter 

Bridge rectifier switching 

frequency 

60 Hz 

Bridge inverter Switching 

frequency 

20 k Hz 

 

Transformer turn ratio 

 

Unity 

Transformer frequency 

operation = 20 k Hz 

PV farm specification VPV = 1500 V DC IPV = 80 A 

PPV=120 k W 

Dc-link indictor Ld 20 mH 
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These sets of angles should satisfy the condition in equation (4.1). In this example (N=5), 

which is the number of angles, (N-1=4), which is the number of the unwanted low order 

harmonics that should be eliminated. Different sets of angles with different fundamental 

amplitudes are listed in Table 4-1. Figure 4-17 shows the current of LegA (IA= IQ1 – IQ4) 

(see Figure 4-5), IQ1 is the current goes through the switch Q1 for the CSC and IQ4 is the 

current goes through the switch Q4. Figure 4-18 shows the utility input voltage Van along 

with associated unfiltered current for the phase “a” iUa, PV farm voltage VPV=1500 V, PV 

farm current IPV=80 A, output voltage of the CSC Vrec= -1500. Vrec is negative because 

the converter works as an inverter. There are some interval moments that all the gating 

signals of the current source converter should be zero. In this case, one of the current 

source converter’s legs should be turned on to provide a freewheeling path as shown in 

Figure 4-18 (d). The overall unfiltered input currents iUa, iUb, iUc along with the utility 

input voltages Van, Vbn, Vcn are shown in Figure 4-19.  The FFT analysis of the unfiltered 

input currents are shown in Figure 4-20. Evidently, the unfiltered input current dominant 

harmonic starts on the 17th, which is (1020 Hz). The CSC is working as an inverter because 

the overall input voltages and their associated current are out of phase. The power is 

injected into the utility grid. 
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Time (s)

0.5×VCP

0.5×VBP

0.5×VAP

 

Figure 4-15 Simulation results for the proposed converter (Figure 4-5): High 

frequency transformer primary voltages VAP, VBP, VCP. Note the voltages have been 

scaled down by 2 for better resolution. 
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Figure 4-16 Frequency spectrum for high frequency transformer primary voltages 

VAP, VBP, VCP. Note the dominant frequency is around 20 kHz. 
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IA  (A) LegA current
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Figure 4-17 (a) Simulation results for the proposed converter (Figure 4-5): (a) (Van, 

iua), (b) IA = IQ1 – IQ4, (c) IQ1, (d) IQ4. Note Van is scaled down by10 for better resolution.  
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Figure 4-18 (a) Simulation results for the proposed converter: (a) (Van, iua), (b) 

(0.1×VPV, IPV), (c) Vrec, (d) free-wheeling case pulses for the three phase current 

source converter. Note Van and VPV are scaled down for better resolution. 
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Van × 0.1, Unfiltered current iUa

Vbn × 0.1, Unfiltered current iUc

Vcn × 0.1, Unfiltered current iUc

Time (s)
 

Figure 4-19 Simulation results for the proposed converter (Van, iUa), (Vbn, iUb), (Vcn, 

iUc). Note the input voltages are scaled down by 10 for better resolution. 
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Figure 4-20 FFT analysis of the unfiltered input currents (iUa, iUb, iUc,). 

(5th,7th,11th,13th) harmonics have been eliminated. Note that the first dominant 

harmonic is the 17th (1020 Hz). 
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4.7. Experimental Results 

Figure 4-21 shows a scale down 1 kW laboratory prototype that has been constructed 

and tested out to validate the proposed concept in Figure 4-5. Three phase voltage sensors 

are constructed in order to identify the zero-crossings of the three phase input voltages. 

The voltage sensor signals are connected to the ADC module of the Texas Instrument 

microcontroller kit type TMS320F28335 Delfino [41]. It uses to generate the gating 

signals of the AC-AC converter and CSC. Three sets of AC-AC converter have been built 

using Gan switch type (LMG3410) [69] from Texas Instrument to connect them to the 

high frequency transformer.  

 

Voltage Sensors

Ld = 2.118 mH  

Three phase

 High Frequency 

(20 kHz)

Transformer

RL=50   

DSP Kit

AC-AC

Converter (C)

AC-AC

Converter (B)

AC-AC

Converter (A) Three phase 

Current Source 

Converter

 

Figure 4-21 Experimental set up for the proposed topology in Figure 4-5. 
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The transformer has been connected in star to star with a unity turns ratio. It has five limbs 

in total, as shown in Figure 4-22. Three interior limbs use to carry the main flux lines, and 

two exterior limbs use to carry the unbalanced flux lines  due to the switching to avoid 

any saturation case. Finally, the CSC has been constructed using Gan switch (LMG3410) 

[69] in series with the Silicon carbide diode type IXYS (fast recovery diode) [70]. The 

CSC is connected to the output of the high frequency transformer. Figure 4-23 shows 

phase “a” SHE signal that has been synchronized with the input utility line to neutral 

voltage V𝑎𝑛, and the phase “a” switching function AC-AC converter SWAC−AC. In order to 

construct the gating signals for LegA (Q1, Q4), the SHE signal Sa has to be multiplied by 

SWAC−AC. Figure 4-24 shows the gating signals of Q1, and Q4.  

 

Exterior Limbs

Phase a

 windings

Phase b

 windings

Phase c

 windings

Interior Limbs

 

Figure 4-22 Five limbs high frequency 20kHz transformer. Wire type Foil 22, 15 

KVA, FERROXCUBE 3C94, core material used for the experimental set up. 
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Van Line frequency (60 Hz) SHE Pulses (Sa)

SWAC-AC 

 

Figure 4-23 Experimental results of microcontroller signals. Ch1: Line to neutral 

input voltage Van, (Ch2&Ch3): Phase “a” unipolar switching function Sa, Ch3: Phase 

“a” switching function for the AC-AC converter SWAC-AC. 

 

 

SHE Pulses

Van Utility  input voltage Pulses for Q1 LegA

Pulses for Q4 LegA

 

Figure 4-24 Experimental results of microcontroller signals. Ch1: Line to neutral 

input voltage Van, Ch2: Pulses for Q1, Ch4: Pulse for Q4, Ch3: positive half cycle for 

unipolar switching function Sa. 
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Q1 gating signal

Q4 gating signal
Dead time

 

Figure 4-25 Experimental results for Physical dead time= (0.56 u sec). Ch.2: Gating 

signal for Q1, Ch.3: Gating signal for Q4. 

 

 

VAP

VBP

VCP

(1200)

(1200)
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Figure 4-26 Experimental results for high frequency 20 kHz transformer input 

voltages. Ch.1: VAP, Ch.2: VBP, Ch.3: VCP. Note that they are shifted by 120 degree 

for three phase operation. 
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VBP  

FFT of the VBP
The dominant freq. is 

around 20 kHz

 

Figure 4-27 Experimental results. Ch.2: Phase “b” input primary voltage VBP, Ch.M: 

Frequency spectrum analysis for VBP. Note the dominant frequency is around 20 

kHz. 

 

 

Vrec  for the rectification mode (Vrec is positive)

Unfiltered input current for phase  a  iUa

Van Line frequency (60 Hz)

 

Figure 4-28 Experimental results for the rectification mode operation. Ch.1: Line to 

neutral input voltage Van, Ch.2: Vrec, Ch. 3: Overall phase “a” unfiltered current iUa. 

Note that the power goes from the AC to the DC side. 
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Unfiltered input current for phase  a 

Van Line frequency (60 Hz)

Vrec  for the inversion mode (Vrec is negative )

 

Figure 4-29 Experimental results for the inversion mode operation. Ch.1: Line to 

neutral input voltage Van, Ch. 2: Vrect, Ch.3: Overall phase “a” unfiltered current iUa; 

Note that Vrect is negative and the power goes from the DC to the AC side. 

 

A physical dead time (0.56 u sec) between Q1 and Q4 has been built, as shown in 

Figure 4-25, to avoid any short circuit case. It is clear that the experimental results and 

simulation results are identical. Figure 4-26 shows the output voltages of the AC-AC 

converter, which are the primary voltages of the high frequency transformer (VAP, VBP, 

VCP). They are shifted by 120 degree. Figure 3-27 shows the FFT analysis for the phase 

“b” high frequency transformer input voltage VBP. Evidently, the dominant frequency of 

VBP is around 20 kHz, confirming that the transformer works at high frequency. Figure 4-

28 demonstrates the experimental results for the rectification mode of the proposed 

topology. In this mode, the CSC output voltage Vrec is positive, which means the power 

goes from the grid to the load confirming the rectification mode. For the inversion mode 
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operation, a DC voltage source (VDC = 100 V) is connected at the output of the CSC to 

emulate the PV DC voltage source with an inductor Ld = 2.118 mH. Figure 4-29 

illustrates the experimental results for the inversion mode of the proposed topology. In 

this mode, the CSC output voltage Vrec is negative, which implies that the power goes 

from the DC side to the grid, confirming the inversion mode operation. 

4.8. Conclusion 

In this section, a high frequency integrated solid-state transformer SST for utility 

interface of solar PV / battery energy storage system has been proposed. The proposed 

approach demonstrates that a robust PWM current source converter operating at relatively 

low frequency with (5th, 7th 11th, and 13th) harmonic elimination can be combined with a 

20kHz integrated solid-state transformer to offer higher power density. Simulation results 

on 120 kW solar PV system employing 1500 V DC at various sun irradiance levels have 

been presented. A design example along with experimental results on a scale down 1 kW 

laboratory prototype has been shown to validate the concept. Figure 4-30 shows the 

difference between the medium frequency transformer 720 Hz that is used in the previous 

section and the high frequency transformer 20 kHz that is used in this section. The Figure 

demonstrates the difference in terms of size/weight, and the volt-ampere rating.  
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High Frequency Transformer 

(20 kHz) Ferrite core, 15 kVA

Medium Frequency Transformer 

(720) Hz Silicon Steel core, 7 KVA
 

Figure 4-30 Medium frequency transformer 720 Hz (M19 Silicon steel core material, 

7 KVA), High Frequency transformer 20 kHz (FERROXCUBE 3C94 Ferrite core 

material, 15 KVA). 
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5. SUMMARY 

 

5.1. Conclusion 

This dissertation mainly introduces approaches to interface renewable energy 

resources. e.g. (solar/ wind turbine) to a utility grid using a medium or high frequency 

integrated solid-state transformer. A brief introduction of high-power semiconductor 

switching devices is presented, focusing on the silicon control rectifier SCR 

characteristics. Then the section discussed the AC and DC collection grid followed by a 

large-scale PV plant. The concept of power density for a power electronics converter is 

discussed followed by how to improve the power density. 

In section 2, a medium voltage DC collection grid for large-scale PV plant using 

12-pulse SCR converter and line frequency transformer is discussed. A new hybrid step-

up DC-DC converter is proposed to boost the 1.5 kV DC PV plant to the medium voltage 

scale 6 kV. The mathematical analysis, and simulation results with design example are 

discussed to validate the presented concept. 

Section 3 presents a unique concept to improve the power density of the medium 

voltage DC collection grid using a 12-pulse line commutated SCR converter and medium 

frequency (720 Hz) integrated solid-state transformer. The mathematical analysis, 

including the phasor diagram for the medium frequency zig-zag phase-shift transformer, 

are discussed. The aim of this section is to have the SST operate at the medium frequency  

to reduce the transformer size/weight. A high-quality utility input current is achieved with 

the cancellation of 5th and 7th harmonic currents. The proposed approach is robust, has 
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higher power density, and is simple to control with an integrated solid-state transformer. 

Detailed design example 150 kW PV power plant, simulation results, experimental results 

for a scale down laboratory type 1kW system are discussed to validate the concept. 

Moreover, to improve the efficiency, reliability of the proposed concept, a new open delta 

phase-shift medium frequency solid-state transformer is presented. The two presented 

concepts show that they have the same quality as the conventional 12-pulse SCR 

converter. However, they replace the bulky line frequency transformer by a medium 

frequency one to improve the power density. 

Section 4 presents a relatively new concept of current source converter using a 

selective harmonics elimination pulse width modulation along with a high frequency (20 

kHz) integrated solid-state transformer. The results show that this topology has some 

advantages; a very good input current quality, bidirectional power flow, more power 

density. Detailed analysis, simulation results are discussed. In addition, a scale down 

experimental prototype is constructed to validate the presented concept.    

To conclude, this dissertation presented several approaches employing a higher 

frequency transformer to interface the large-scale renewable energy resources to a utility 

grid. The simulation and scale down experimental results approve that the presented 

approaches have the same quality as the conventional approaches. However, the presented 

approaches replaced the bulky line frequency transformer with a higher frequency 

transformer, which implies higher power density is achieved and more reliable due to the 

elimination of the large DC-link (electrolytic capacitors). All the proposed approaches 

have the ability of bidirectional power flow, and the output voltage can be easily regulated. 
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5.2. Future Works 

The presented approaches in this dissertation have several advantages regarding 

improving the power density and increasing the reliability of the proposed topologies. 

Therefore, further research opportunities can be investigated. 

1. For the medium voltage DC collection grid using SCR converter and medium 

frequency (720 Hz) solid-state transformer: 

• Soft-switching techniques may be applied to the medium frequency AC-

AC converter to increase the efficiency further of the system. 

• More than 12-pulse SCR converter with medium frequency transformer 

can be configured and constructed to achieve better input current quality.  

• Silicon carbide SCR that manufactured by GeneSic company [71] could be 

considered for further investigation because using wide bandgap devices 

would benefit the system efficiency and allow the transformer to work at 

higher frequency. However, the cost factor should be considered. 

• The medium frequency core material could be optimized to have less 

leakage inductance. Another core material can be considered. Amorphous 

can be investigated and tested to figure out which core material would give 

better performance to this approach. However, the cost factor of these 

materials should be taken into account. 

• An economical and efficiency investigation that involves the system 

cable’s length, size, medium frequency voltages, PV plant structure, and 

labor cost should be considered for future study. 
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2. For the current source converter that uses a high frequency (20 kHz) solid-state 

transformer: 

• A soft-switching operation can be explored to improve system efficiency 

further. 

• Another investigation area is the series of stack numbers for the AC-AC 

converters should be optimized to allow the topology to work with the 

medium voltage scale. 

• The open delta concept can be constructed to increase system reliability 

and efficiency.  

• For simplicity, a unidirectional AC-AC converter (bridge diode followed 

by bridge switches) can be used. However, this will lose the capability of 

bidirectional power flow. 
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