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Abstract 
MVDC networks present an effective means for integrating renewable-based Distributed 

Generators into the power network. Protection of Medium Voltage Direct Current (MVDC) 

networks presents significant challenges, including the absence of natural zero crossings, rapid 

fault current rise, and a lack of MVDC-compatible protection devices, standards, guidelines, and 

practical experience.  

Solid-state DC Circuit Breakers (DCCBs) have emerged as an attractive protection solution 

for DC networks, offering fast and reliable fault isolation. Seamless integration of DCCBs into 

MVDC networks is challenging due to the diverse voltage and power levels and varying network 

architectures. Furthermore, the limited current and voltage capability of semiconductor devices 

limits the full integration of solid-state DCCBs for MVDC applications. Series and parallel-

connected IGBT arrays can be employed to match the required current and voltage levels. 

However, with passive gate drives, devices may fail due to non-homogeneous current and voltage 

distribution across IGBTs. Closed-loop Active Gate Drives (AGDs) offer a solution to overcome 

these challenges.  

This research aims to develop an AGD scheme that drives IGBTs with status feedback, 

allowing them to follow a set current/voltage trajectory during IGBT switching. Hybrid Circuit 

Breaker (HCB) architecture, based on standardized Active Switch Modules (ASMs), is proposed 

as a flexible protection solution for MVDC networks.  

Steady-state current imbalances in parallel-connected IGBTs can lead to thermal runaway 

conditions and degrade the IGBTs. Conventional steady-state current balancing methods rely on 

device matching and passive gate drive concepts, which are inadequate for modern MVDC 

applications. The proposed Active Current Balancing (ACB) scheme actively regulates the gate-
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drive voltage of each device based on measured current deviations, enabling precise control of the 

static operating point. 

The integrated operation of ACB-AGD schemes within a unified framework provides a 

practical and scalable solution for voltage and current management in MVDC-DCCB applications. 

Experimental validation on a unidirectional DCCB prototype confirms that the integrated ACB-

AGD system maintains stable switching behavior while effectively correcting steady-state current 

imbalance. 

Collectively, the proposed ACB, AGD, and modular HCB architecture establish a scalable 

protection framework capable of delivering enhanced dynamic switching performance, steady-

state current sharing, and secure fault-interruption capability for next generation MVDC networks.
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Chapter 1: Introduction 

1.1 Background and Research Motivation 

The efficient integration of Renewable Energy Sources (RESs) is a key focus in modern 

power system research. Due to problems stemming from increasing energy demand and reliance 

on conventional fossil fuel-based energy sources, considerable resources and effort have been 

devoted to integrating cleaner energy sources, such as solar Photovoltaic (PV), into the energy 

mix. Significant advancements in power electronics have led to the widespread adoption of DC 

loads and power electronic converters, which are prevalent in various applications at different 

levels [1], [2]. In this context, DC distribution systems are emerging as an attractive power 

system solution for efficiently integrating RESs. Furthermore, DC distribution networks 

facilitate flexible power flow and increase network reliability [2], [3]. 

The commercial unavailability of DC fault-interrupting devices that can meet the safe 

operating time and current limits of DC systems poses a significant challenge [1], [4], [5], [6]. 

Fast-acting DC Circuit Breaker (DCCB) designs have gained popularity recently for protecting 

DC networks. These DCCBs offer promising DC fault interruption solutions with high-speed 

fault current breaking capability [7], [8], [9], [10]. Smart DCCBs with self-fault detection and 

active current limitation capabilities reduce the additional sensory and communication 

requirements while minimizing network outages [11]. However, the lack of flexibility to serve 

across different power levels, low technology readiness levels, and high costs associated with 

these breaker designs preclude the widespread use of these technologies [1], [4], [7].  

Modern DCCB implementations increasingly rely on power semiconductor devices, such 

asIGBTs) and Metal Oxide Semiconductor Field Effect Transistors (MOSFETs), due to their 
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arcless interruption and fast switching. Semiconductor device-based DCCBs interrupt the 

current faster than mechanical circuit breakers [1], [3], [12]. However, due to the limitations of 

semiconductor devices current and voltage capabilities, the application of DCCBs in medium-

voltage applications remains challenging. For medium-voltage operation, DCCBs are required 

to handle currents of up to several kiloamperes and voltages of several tens of kilovolts, which 

exceed the ratings of single IGBTs available [13], [14]. Furthermore, IGBTs employed in 

Hybrid Circuit Breakers (HCBs) are subjected to high fault currents and Transient Interrupt 

Voltage (TIV) [3], [11], [15], [16], [17]. Hence, multiple IGBT units must be arranged in series 

and parallel to accommodate the required current and voltage rating [12], [18], [19]. However, 

this necessitates voltage and current balancing between devices, as well as increased control 

complexity [15], [19], [20]. An Active Gate Drive (AGD) scheme, which controls di/dt and 

dv/dt during device turn-on and turn-off, allows the balance of voltage and current stress in the 

devices during dynamic switching [21], [22], [23]. With a controllable rate of change of 

collector current and voltage, an additional degree of freedom during IGBT switching can be 

achieved, allowing for dynamic voltage and current balance. 

MVDC networks exhibit complex dynamic and transient responses to faults [24], [25]. The 

lack of a fast, reliable, and low-cost protection solution for DC networks is a significant barrier 

to their widespread adoption. A scalable breaker architecture that matches the network's current 

and voltage levels will provide a suitable solution to address this problem.  

While current studies primarily focus on the dynamic performance of DCCBs during a fault 

event, the steady-state operation of semiconductor-based protective devices is also an important 

aspect [16], [26]. Design methodologies applicable to thermal design and steady-state current 

sharing havenôt been adequately explored in the literature. Evaluating the steady-state and 
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transient thermal characteristics of the DC circuit breaker is critical, as these thermal behaviours 

directly influence device stress, allowable current levels, and the overall reliability of the 

breaker during continuous operation and fast interruption events [26], [27].  

Due to the limitations in the nominal current and thermal limits of semiconductor devices, 

ensuring steady-state current sharing and thermal integrity in parallel IGBTs is vital for the 

reliable operation of DCCBs. This motivates the need for a control approach to achieve steady-

state current sharing, preventing device overstress and degradation while maintaining device 

thermal stability [1], [16].  

The ability of the proposed schemes to operate in an integrated manner and enable a unified 

DC protection solution is a central consideration, as effective coordination among these 

mechanisms determines the overall responsiveness, reliability, and robustness of the proposed 

DCCB architectures. 

1.2 Problem Statement 

Due to their inherent advantages, MVDC networks are increasingly used across various 

applications, such as shipboard networks, MVDC collector grids, traction power networks, 

Electric Vehicle (EV) charging stations, and data center networks. Despite the advantages of 

DC networks, protection challenges stemming from the lack of reliable interruption equipment 

have hindered their widespread adoption.  

The MVDC voltages range from 1.5 to 100 kV DC and tens of megawatts across various 

applications [28], [29]. This enables the use of varying technologies across both low- and high-

voltage ranges, providing flexibility in selecting the required topology. Although several DC 
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breaker topologies have been proposed in the literature, they lack the scalability and flexibility 

needed to serve various applications involving different voltage and power levels [26], [30].  

DC networks exhibit a rapid rise in fault current during converter capacitor discharge, 

necessitating equipment capable of detecting and interrupting faults quickly to prevent severe 

damage [3]. While semiconductor-based DCCBs offer a good solution for fast fault interruption, 

the limitations of semiconductor voltage and current ratings require series and parallel 

connections of semiconductor devices to match network fault levels. Conventionally, the 

problem of dynamic current and voltage balancing is achieved using snubbers and other passive 

balancing techniques [27], [31]. The snubber's performance can deteriorate over time, resulting 

in poor voltage sharing and device failure [15], [32]. Furthermore, significant IGBT derating 

increases the costs associated with DCCBs. Hence, there is a necessity for a reliable, low-cost 

solution to achieve dynamic current and voltage balance among semiconductor devices.  

Achieving a stable, steady-state current sharing among parallel-connected IGBTs remains 

challenging due to inherent device mismatches and varying thermal conditions that change 

during continuous operation. These could lead to localized overheating and accelerated aging, 

compromising the reliability of the DCCB in steady-state operation [16], [33]. The conventional 

approach to addressing this challenge is to heavily derate the IGBTs, a measure that significantly 

increases the device count and the cost of breaker assemblies. This drives the need for a 

dedicated control approach to ensure reliable steady-state current sharing and thermal stability. 
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1.3 Research Objectives 

The primary objective of the proposed research is to design and develop a gate-drive 

technology for DC circuit breaker applications that enables higher-voltage, higher-current 

switching through cascaded and parallel arrangements of semiconductor devices. The gate-drive 

technology can be employed to develop a flexible MVDC circuit breaker architecture with 

reliable fault protection capability for MVDC network protection.  

The following objectives are to be achieved under this: 

1) To develop AGD technologies for dynamic voltage and current balancing in IGBTs 

during switching.  

2) To develop an Active Current Balancing (ACB) scheme that enables steady-state 

current sharing between parallel-connected IGBTs, which can work in coordination 

with the proposed AGD scheme. 

3) To develop a scalable, standardized DCCB architecture with unified gate drive 

technology to achieve both steady state and dynamic voltage and current balancing, 

while ensuring thermal stability.  

4) To evaluate the thermal performance of the proposed DCCB architecture under steady-

state and transient operating conditions. 

1.4 List of Publications  

Å S. Jayamaha, C. N. M. Ho and A. Rajapakse, "Parallel/Series Connected Standardized 

Active Switching Modules for High Power DCCBs in MVDC Networks", in IEEE 

Transactions on Power Electronics, vol. 39, no. 8, pp. 9602-9613, Aug. 2024. 
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Å S. Jayamaha, C. N. M. Ho and A. Rajapakse, "Active Gate Control Scheme for Current 

Balancing in Parallel Connected IGBTs for DCCB Applications", manuscript in 

preparation for submission to IEEE Transactions on Industrial Electronics. 

Å S. Jayamaha, C. Ho and A. Rajapakse, "Active Current Balancing Scheme for Steady-

State Operation of Parallel IGBTs in Hybrid Circuit Breakers", IECON 2024 - 50th 

Annual Conference of the IEEE Industrial Electronics Society, Chicago, IL, USA, 2024, 

pp. 1-6. 

Å S. Jayamaha, C. N. Man Ho and A. Rajapakse, "Electro-Thermal Design: Standardized 

Hybrid DC Breaker Architecture for Scalable Operation in MVDC Networks", 2024 

IEEE Energy Conversion Congress and Exposition (ECCE), Phoenix, AZ, USA, 2024, 

pp. 707-713. 

Å D. K. J. S. Jayamaha, K. K. M. Siu, C. N. M. Ho and A. D. Rajapakse, "Design and 

Development of Modular Hybrid DC Breaker Scheme for DC Distribution Systems", 

2021 IEEE Energy Conversion Congress and Exposition (ECCE), Vancouver, BC, 

Canada, 2021, pp. 5920-5926. 

 

1.5 Thesis Outline 

This thesis is organized into six chapters, each presenting a distinct contribution of the 

research. The overall structure of the thesis is outlined below. 

Chapter 1 presents the background necessary to understand the core concepts of the thesis. 

It defines the research problem, reviews conventional approaches to the identified challenges, 

and outlines the objectives and key contributions of this work. 
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Chapter 2 presents an extensive review of the existing literature on topics central to this 

research. It examines MVDC applications, DC circuit-breaker technologies, conventional 

voltage and current balancing techniques, and active gate-drive methods used in power 

semiconductor devices. This chapter establishes the theoretical foundation for developing the 

AGD-based DCCB solution proposed for MVDC networks. 

Chapter 3 details the development of the AGD technology, including its experimental 

validation and the characterization of the proposed AGD scheme. This chapter also presents the 

small-signal modeling formulation for assessing the stability of the proposed controller and 

introduces the Active Switch Module (ASM) concept. 

Chapter 4 presents the ASM-based HCB architecture as a scalable protection solution for a 

wide range of MVDC applications. ASM-based HCB prototype development and experimental 

validation are discussed in this section. Furthermore, steady-state and transient thermal 

characterization of HCBs is evaluated in this chapter. 

Chapter 5 examines the necessity for steady-state current balancing and the impact of 

Positive Thermal Coefficient (PTC) on the natural balancing of current. This study presents a 

detailed analysis of the Active Current Balancing (ACB) scheme for steady-state current sharing 

among parallel IGBTs. Characteristic equations governing the ACB control approach are 

derived, and the theoretical framework for assessing the stability of the control loops is 

presented. A combined ACB-AGD scheme featuring time-scale separation of the two control 

loops to develop a unified control scheme for series-parallel-connected IGBTs in MVDC circuit 

breaker applications is further examined in this chapter. Experimental studies to validate the 

combined operation of the two controllers are presented.  
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Chapter 6 summarizes the key conclusions drawn from the research and its findings. It 

highlights the main contributions of this research. This chapter also discusses potential future 

work that could extend and build upon the findings of this thesis.  
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Chapter 2: Literature Review 

2.1  MVDC Applications and Governing Standards 

MVDC networks support a diverse range of applications in modern power systems, and a 

growing body of technical standards and regulatory frameworks guides their development. 

Figure 2. 1 shows the typical voltage levels used in DC transmission and distribution systems, 

ranging from High Voltage DC (HVDC) to Low Voltage DC (LVDC), along with their 

corresponding applications. MVDC is typically deployed in the 1.5 kV ï 100 kV range for 

power transfer levels ranging from a few MW to several hundred MW, primarily for DC 

distribution networks and large-scale industrial or renewable energy interconnections.  

HVDC ACHVDCAC
100kVDC ~ 

AC MVDC

Renewable energy

1.5kVDC ~ 100kVDC

AC Microgrids

EV Charging

DC Traction

MVDC LVDC
~ 1.5kVDC

Data centers

± 400VDC
LVDC 

Microgrids

Data centers

 

Figure 2. 1: An illustration of various DC voltage levels of applications [28]. 



10 

 

2.1.1 MVDC Applications 

MVDC networks are increasingly employed across various applications due to their 

inherent advantages. The main benefits include fewer power conversion stages, reduced cable 

sizing requirements, enhanced controllability, and simplified integration of RES and energy 

storage systems. This section examines various applications for which MVDC networks are 

being utilized, as well as future trends. 

2.1.1.1 Shipboard Power Systems 

Shipboard electrical networks are transitioning from conventional AC power systems to 

DC power systems. The main reason is the easier integration of variable frequency drives and 

ESSs, which eliminates a conversion stage and reduces the weight and space required for the 

equipment. Zonal DC Networks are the preferred architecture for shipboard networks, and in 

case of a fault, the faulted zone is isolated from the network [1], [34], [35]. 

2.1.1.2 MVDC Collector Grids 

Due to the increasing penetration of RESs into the energy mix, collector grids 

interconnecting several distributed energy sources, such as wind turbines and solar PVs, have 

gained prominence. MVDC collector grids offer several advantages, including reduced 

conversion stages, lower costs, and a smaller size. Furthermore, reducing the number of 

conversion stages increases power efficiency [35]. 

2.1.1.3 Traction Power Networks 

MVDC has been widely employed in traction networks such as trams and railways, mainly 

due to the speed control capability of DC motors. Voltages up to 3kV are used in these networks. 

Active rectifier units are integrated into these networks, allowing seamless power transfer 

between these MVDC networks and the AC grid [35], [36]. 
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2.1.1.4 MVDC Interface for Interconnecting AC Networks 

Interconnection of several AC networks or distributed energy sources is challenging due to 

frequency differences, harmonics, phase differences, and protection limitations, such as short-

circuit currents. However, DC networks decouple the AC interfaces and offer a solution for 

interfacing sections of AC networks [35]. 

2.1.1.5 MVDC in EV Charging Stations and Data Center Networks. 

While MVDC networks serve as a platform for interconnecting renewable energy sources, 

high-power loads such as EV charging stations and Data centers can be powered through 

MVDC. By eliminating the AC-DC conversion stage, network efficiency is increased. Even 

though these networks are required to connect to the AC utility grid, they operate as standalone 

systems in most situations [35], [37]. 

2.1.2 MVDC Networks: Relevant Standards 

Table 2.1 provides a summary of relevant standards for MVDC networks across various 

applications.  

Table 2.1. Summary of relevant standards for MVDC networks 

Standard Description Highlights 

IEEE Std 1709-

2018 [38]  

  

IEEE Recommended 

Practice for 1 kV to 35 kV 

Medium-Voltage DC 

Power Systems on Ships. 

¶ Standard ratings of MVDC power networks, 

operating devices, and auxiliary equipment. 

¶ Recommendations for rated continuous and 
short circuit currents and grounding 

considerations. 

¶ MVDC testing should be in accordance with 
the approved test program based on IEEE 

Std 1662-2006, IEC 600092-350, and IEEE 

std 45-2002 

¶ It is recommended that MVDC networks be 

based on Power Electronic Building Blocks 

(PEBBs), with each PEBB having its own 

control and protection capability. 

IEC 61660 [39] IEC standard- Short circuit 

currents in DC auxiliary 
¶ Part I - Calculation of short circuit currents 
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installations in power plants 

and substations 
¶ Part II - Calculation of effects of short 

circuit current on equipment 

¶ Part III - Additional considerations in short 

circuit current calculations 

IEEE C37.14-2015 

[40] 

IEEE Standard for DC 

(3200V and below) Power 

circuit breakers used in 

enclosures. 

¶ Covers preferred ratings and testing 

requirements of enclosed DC circuit 

breakers having a rated maximum voltage 

up to 3.2 kV. 

IEC TS 61936-2 

[29] 

 

IEC standard- Power 

installations exceeding 1.5 

kV DC 

¶ Standard rules for designing and developing 

electrical power installations in systems 

with nominal voltages above 1.5kV DC to 

provide safety and proper functioning. 

2.2 DC Breaker Technologies and Challenges 

2.2.1 DC Breaker Technologies 

DC circuit-breaker technologies can be broadly classified into mechanical, solid-state, and 

hybrid designs, each offering distinct operating principles, interruption capabilities, and 

application constraints.  

2.2.1.1  Mechanical DC Circuit Breakers 

Due to the absence of natural zero crossings, like in an AC system, arc extinguishing does 

not occur naturally in mechanical DCCBs. Resonance circuits are used to create a current zero 

crossing in mechanical DCCBs. Mechanical DCCBs can be categorized based on the passive 

and active resonance circuits they utilize. Figure 2.2 (a) and (b) show mechanical DCCBs using 

passive and active resonance circuits, respectively [1].  

The main advantages of mechanical DCCBs include high efficiency and low cost. However, 

compared with other DCCB technologies, mechanical DCCBs have slower response times and 

limited current-interruption capability [7], [8]. 
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2.2.1.2  Solid State Circuit Breaker 

Solid-state CBs can be used to protect DC networks, overcoming their slow response times. 

Si-based semiconductor switches such as IGBTs, IGCTs, GTOs, and MOSFETs are commonly 

used in Solid-state CBs (Figure 2.2 (c)) [7], [8], [19], [41]. The main drawbacks of solid-state 

CBs include high conduction losses, high implementation costs, cooling requirements, and the 

lack of galvanic isolation [13], [20]. 

2.2.1.3   Hybrid DC Breaker 

While Mechanical DCCBs and SSCBs have inherent disadvantages, HCBs combine the 

two to achieve fast current breaking, high efficiency, low cost, arc-free current interruption, and 

galvanic isolation [11], [13], [41]. The HCB structure is illustrated in Figure 2.2 (d). While this 

structure has several variants, the basic operating principle remains unchanged. As shown in 

Figure 2.2 (d), HCB consists of 3 main parts: Mechanical Switch (MS), Current Commutation 

Switch (CCS), and Main Breaker (MB) unit [1], [14]. Under normal conditions, current passes 

through the MS and CCS. During the current interruption, the MB unit is turned on, and CCS 

is turned off to commutate the current from the main path to the MB path. MB continues to 

conduct current until MS is fully open and can withstand full voltage. When the MB is turned 

off, Metal Oxide Varistor (MOV) clamps TIV, providing a current path [15], [41]. 

Selecting a low conduction loss switch for the CCS is a key design criterion in HCB design. 

CCS only needs to generate a reverse voltage higher than the MB unit's on-state voltage drop. 

Hence, a low-voltage-rated switch can be selected. The speed of the HCB is mainly dependent 

on the speed of MS. Hence, fast-acting MS is required for HCB [1]. 
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L1C1

MOV

MS

L1C1

MOV

MS

Snubber

MOV

Snubber

MOV

Snubber

MB

(a) (b)

(c) (d)  

Figure 2.2: (a) Mechanical DCCB with passive resonance circuit, (b) Mechanical DCCB with active 

resonance circuit, (c) Solid-state CB (SSCB), (d) Hybrid CB (HCB) [1], [7], [8], [41]. 

2.2.2  DC Breaker Testing 

Testing of DCCBs over the full range of operating conditions, both under normal and fault 

conditions, requires a source capable of sourcing short-circuit fault current at the rated voltage. 

Utilizing a power source capable of sourcing the test current and voltage is impractical. Several 

test apparatuses have been proposed in the literature for testing DCCBs under normal and fault 

conditions.  

Utilizing a capacitor bank and a short-circuit switch for DCCB testing, as shown in Figure 

2.3, is widely employed because it can produce high-current pulses for breaker testing [8]. 

However, this approach has limitations, including the inability to source current for a complete 

current-breaking cycle, to test the breaker's ability to transfer from normal operating conditions 

to fault conditions, and to assess the breaker's thermal characteristics under normal operating 

conditions. 

A test circuit proposed in [42] to test the DCCBs at rated current and dynamically switch 

the pulse capacitor circuit to generate a high short-circuit current, thereby testing the DCCB's 
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fault-interruption capability, is shown in Figure 2.4. This circuit enables the insertion of a high-

voltage pulse into the circuit while the DCCB is under nominal operating conditions, thereby 

emulating a short-circuit fault. Furthermore, this approach allows steady-state thermal testing 

of the DCCB. 

+
_

Ls Lsys
Switch

DCCB
(DUT)

Itest

Vtest

 

Figure 2.3: Circuit for short circuit testing of the DCCB [8]. 

 

Figure 2.4: Modified short circuit test setup for both high voltage and current testing of the DCCB [42]. 

The inability to generate TIV for an extended period due to insufficient test capacity was a 

significant drawback of the previous test configuration. To provide sufficient stress for DCCB, 

a synthetic test method is proposed in [43] and illustrated in Figure 2.5. The parallel connection 

of two-level voltage sources ensures that the TIV amplitude and duration are more consistent 

with actual DC breaking.  
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Figure 2.5: Modified short circuit test setup to generate TIV for DCCB testing [43]. 

2.2.3 DC Circuit Breaker Practical Challenges 

While DC networks are gaining popularity due to their advantages over AC counterparts, DCCB 

technologies still face several challenges. The main challenge is the limitations of the current 

and voltage ratings of power semiconductor switches, such as IGBTs, MOSFETs, and SiC 

devices. This requires connecting and matching series and parallel devices to meet the current 

and voltage requirements of the MVDC networks [1], [9], [34]. 

Semiconductor devices incur significant conduction losses during steady-state operation of 

the DCCBs. Specialized cooling systems are required to dissipate the heat produced, which 

significantly increases the size and cost of the DCCBs [1], [2], [44]. 

Breaking high DC fault currents results in very high transient interrupt voltages, requiring 

large MOVs to absorb the energy. These MOVs are increasing the size and cost associated with 

DCCBs; furthermore, repeated current interrupting operations age the MOVs [1], [2]. 

Most DCCB designs are still at the prototype, pilot, or limited release stages, making them 

unviable for commercial applications. Furthermore, DC switchgear lacks universally accepted 

test standards, which slows the adoption of DCCBs as a common protection solution [7], [8]. 
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There is a wide range of DC applications, including EV charging, Data centers, DC traction, 

DC shipboard, and offshore platforms. Each presents distinct power handling requirements and 

a distinct fault spectrum. Hence, requires the custom tailoring of DCCBs for individual 

applications, which presents a significant challenge [3], [7]. 

2.3 Voltage and Current Balancing Techniques for IGBTs 

With the increasing use of MVDC and HVDC applications, DCCBs are required to handle 

currents of up to several kiloamperes and voltages of several hundred kilovolts, which exceed 

the ratings of available IGBT switches [1], [7], [15]. Hence, multiple IGBT units must be 

arranged in series and parallel to accommodate the required current and voltage rating. Several 

techniques are suggested in the literature to ensure voltage and current balancing between series 

and parallel-connected IGBTs [15], [32], [45], [46], [47], [48], [49]. 

2.3.1 Series Connected IGBTs 

Passive snubber devices are primarily employed to achieve voltage sharing between series 

IGBT arrays. Snubbers compensate for IGBT parameter mismatches and gate-drive delays by 

limiting the voltage slope during IGBT turn-off [45], [47], [50]. IGBTs in DCCBs are expected 

to handle high short-circuit currents, and such high currents give rise to very large TIVs. The 

snubber capacity required is proportional to the square of the device current; Hence, the required 

capacitor must be several times larger than during normal operating conditions [15], [32], [51]. 

These high-voltage, high-capacity snubbing capacitors are large and expensive. Additionally, 

snubber performance tends to deteriorate over time, potentially leading to poor voltage sharing 

between IGBTs [46], [52]. Hence, snubber-connected IGBT stacks require significant derating. 

Active Gate Clamping (AGC) circuits are proposed to suppress overvoltage and achieve 

voltage balance between series-connected IGBTs [47], [53]. AGC uses Zener diodes to provide 
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direct feedback of the collector voltage to the IGBT gate. When the voltage across the IGBT 

exceeds a defined limit, the gate clamping circuit activates and injects a current into the IGBT's 

gate, which limits the rate of change of collector-emitter voltage, dvCE/dt [47].  

Due to the direct feedback of the collector voltage to the gate, bypassing the gate control 

circuitry, gate clamping may lead to high voltage overshoots and device failures. To overcome 

the poor voltage sharing, combining the AGC with passive snubber voltage balancing is 

discussed in Figure 2.6 (a) [54], [55]. 

 Advanced gate clamping schemes with status feedback to achieve controllability over the 

clamping are proposed in [53], [56]. The sensing circuit can detect both the activation of the 

clamp circuit and the magnitude of the injected current (Figure 2.6 (b)). The gate drive control 

circuit can calculate the compensation factor accordingly. 

VCE

+

_GD

VCC

Vee

CGC

S1

D

External 

compensation

GD

VCC

Vee

AGC

VCE

+

_
Q

(a) (b)
 

Figure 2.6: (a) Combined active gate clamping with passive snubber device to improve voltage sharing, (b) 

Active gate clamping with status feedback [55], [56]. 

The literature discusses the use of Active Gate Drive (AGD) schemes for voltage balancing 

between series IGBTs. An active gate current control method is proposed to achieve dynamic 

voltage sharing between series IGBTs [57]. The balance is achieved by measuring the time it 

takes for each IGBT to reach its desaturation point. Accordingly, the gate current (iG) is adjusted 

so that all IGBTs start increasing their collector-to-emitter voltage (vCE) simultaneously. The 
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main drawback of this scheme is that it relies on multiple measurements and sensor circuits for 

individual IGBT measurements and requires gate-current calibration based on the IGBT 

desaturation period. 

 An active gate voltage control scheme has been proposed in [58]. This approach applies a 

predefined voltage slope signal to the gate drive as the reference voltage. The slope of the 

reference voltage can be adjusted independently and depends on the response of the slowest 

IGBT. A global controller signals individual gate controllers to maintain or reduce the voltage 

slope to achieve voltage balance. 

Similarly, a cascaded voltage control loop for IGBT switching is proposed in [59]. Three 

cascaded feedback loops, vCE, vGE, and dvCE/dt, are used. IGBTs in a series string can follow a 

predefined voltage reference ramp to achieve dynamic voltage balance during switching. AGD 

schemes will be further discussed in Section 2.4. 

2.3.2 Parallel Connected IGBTs 

Dynamic and static imbalances in the collector current of parallel-connected IGBTs can 

result in device failures. Static unbalances related to parametric variations in IGBTs and 

different parasitic resistances of the wires connecting the IGBTs. Dynamic imbalances are 

mainly due to delays in the gate drive circuits and differences in the inductances of the 

connecting circuit between IGBTs [21], [60], [61]. Thus, ensuring both dynamic and steady-

state current balance in parallel-connected IGBT modules requires careful control and 

compensation strategies. 

The loop inductance of the circuit is crucial to ensure dynamic and steady-state current 

sharing among IGBTs in parallel. An unbalanced gate drive impedance can cause dynamic 

current imbalance during switching [62]. Furthermore, switching delay skew among individual 
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gate drives can result in asymmetric switching. Gate drive delay skews must be minimized to 

connect IGBTs in parallel. Thermal coupling between IGBTs connected in parallel is crucial, as 

a similar thermal profile can prevent thermal runaway [49], [62]. 

Using a return gate resistor (RE) (Figure 2.7 (a)) to dampen parasitic oscillations induced 

by cross-coupling between IGBT gates is discussed in [49] and [63]. In this approach, each 

IGBT in a parallel combination is driven in a common-emitter configuration to compensate for 

differences in module transfer characteristics. Thermal coupling is achieved by mounting the 

IGBTs in the same heat sink.  

The current that is flowing in the common emitter connection can cause gate oscillations. 

To overcome this, the use of common-mode chokes with a common gate driver for parallel 

IGBTs (Figure 2.7 (b)) is discussed in the literature [63]. Common-mode chokes present a low 

impedance to the gate current but a high impedance to the current flowing in the gate emitter 

loop. 

A double-stage gate drive circuit is proposed in [21] to achieve equal dynamic current 

sharing. The gate driver features two low and high-resistance modes, splitting the IGBT 

switching operation into two stages. Dynamic current balance is achieved by detecting the 

current edge times of the IGBTs in parallel and adjusting the turn-on and turn-off times of the 

individual IGBTs accordingly. 

An active gate drive scheme is proposed in [64], in which the static current through the 

IGBTs connected in parallel is balanced by controlling the gate-to-emitter voltage (vGE). The 

collector current through each IGBT is estimated using the internal voltage across the stray 

inductance (Lbond), which is proportional to diC/dt. The controller calculates the correction factor 
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for each current, increasing or decreasing the vGE accordingly. AGD schemes will be further 

discussed in the next Section.  

AMP
RG1

RGE1

RE1

RG2

RGE2

RE2

Q1
Q2

AMP
RG1 RG2

Q1 Q2

LG1 LG2

LSE1 LSE2

(b)

(a)

VCC

Vee

VCC

Vee

VCE

+

_

VCE

+

_

 
Figure 2.7: (a) Using a return gate resistor to dampen the parasitic oscillations due to cross-coupling of 

parallel IGBT gates, (b) Using a common-mode choke to dampen parasitic oscillations [49], [63]. 

2.4 Active Gate Drive Technology 

2.4.1 Open-loop Active Gate Drives 

AGD concepts where the gate current is controlled by employing adjustable gate resistors 

(Figure 2.8 (a)) [64], gate current sources (Figure 2.8 (b) and (c)) [65], and gate voltage sources 

(Figure 2.8 (d)) [66] in a feedforward manner are presented. 

The underlying idea is to divide the switching transient into distinct periods, such as gate 

current delay, voltage slope, and current slope. A specific gate resistor, current source, or gate 

voltage is applied in each interval to obtain the desired switching characteristics.  

Without feedback, IGBT non-linearities and temperature dependencies cannot be 

compensated, a significant drawback of these schemes. Thus, achieving the defined current and 

voltage switching trajectories is impossible.  
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Figure 2.8: Open-loop AGD implemented by (a) Switchable gate resistors, (b) Adjustable gate current by 

operating the MOSFETs in the saturation region, (c) Adjustable gate current by current source, (d) 

Adjustable gate voltage source [64], [65], [66]. 

2.4.2 Closed-loop Active Gate Drives 

Closed-loop AGDs can compensate for IGBT non-linearities and temperature dependencies 

to achieve desired switching characteristics. Different implementations of closed-loop AGD are 

shown in Figure 2.9. 

Direct control of vCE with a feedback loop is illustrated in Figure 2.9 (a). The reference 

input defines the IGBT's voltage trajectory during dynamic switching [32]. A similar approach 

to voltage feedback, where a cascaded dvCE/dt and vGE feedback loop serves as the inner 

feedback loop, is discussed in [50]. 

The AGD scheme with diC/dt and dvCE/dt feedback loop control is illustrated in Figure 2.9 

(b). The proposed technique requires active selection of a control loop using a multiplexer or 

other circuitry at the transition of the current slope to the voltage slope and vice versa. This 

requires a complex circuit to accurately detect IGBT status [67].  
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A digital implementation of AGD is illustrated in Figure 2.9 (c) [68]. The vCE and iC values 

are sampled by the Analog to Digital Converters (ADCs), and accordingly, the digital controller 

calculates the gate voltage profile. The proposed scheme has the drawback of delays in ADC 

and Digital to Analog Converter (DAC) conversions, resulting in inaccurate control. Iterative 

and adaptive control methodologies are utilized to compensate for the delays [67], [68]. 

The AGD scheme, which utilizes complementary current sources to inject additional drive 

current into the IGBT gate, is illustrated in Figure 2.9 (d) [69]. Specific transient switching 

stages are accelerated by injecting via the complementary current source. The proposed digital 

control scheme requires complex circuitry for practical realization, which is a drawback. 
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Figure 2.9: (a) AGD with direct vCE feedback, (b) diC/dt and dvCE/dt feedback loops with active selection, (c) 

Digital implementation of AGD with vCE, iC, and vGE feedback, (d) AGD with complementary current sources 

[32], [67], [68], [69]. 
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DC Circuit Breaker (DCCB) technologies can provide reliable protection for MVDC 

networks. However, the challenges associated with DCCBs stemming from the limited current 

and voltage capabilities of discrete semiconductor devices need to be addressed. AGD 

technologies could provide a reliable solution to overcome these challenges and will be explored 

in the next chapter. 
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Chapter 3: Active Gate Drive for Dynamic Voltage and 

Current Balancing 

This chapter discusses the development methodology for the AGD scheme for voltage and 

current slope control, aiming to achieve dynamic voltage and current balancing in IGBT arrays, 

as well as the development of a standardized Active Switching Module (ASM). The 

fundamental theory underlying the proposed concept of AGD is discussed in detail, along with 

experimental studies validating the diC/dt and dvCE/dt control capabilities. 

3.1 Development of an Active Gate Drive Scheme for Voltage and 

Current Balancing Operation. 

3.1.1 Active Gate Drive Concept 

In principle, AGD controls the gate current (iG) through the IGBT gate to achieve the 

desired dynamic switching characteristics [22], [60], [69]. By controlling the gate-to-emitter 

voltage (vGE ), iG can be controlled, which determines the operating behavior of the IGBT during 

both turn-on and turn-off operations [46], [61].  

Typically, the IGBT switching time ranges from 50 ns to 1 ҡs, depending on the size and 

construction of the IGBTs. Control of the iG to actively adjust the diC/dt and dvCE/dt during 

IGBT switching requires high-speed control action by the AGD. Furthermore, high bandwidth 

diC/dt and dvCE/dt measurements are imperative for implementing closed-loop AGD [46], [65].  

The proposed closed-loop AGD technique can enable individual control of current and 

voltage slopes independent of non-linearities, temperature dependencies, and varying operating 

points of the IGBTs [67]. IGBTs incur high switching losses in the active region and undergo 
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high stress. It may easily lead to hot-spotting and current hogging within the die, ultimately 

resulting in linear-mode failure of the IGBT due to localized thermal overstress [64], [70]. 

Hence, the Safe Operating Area (SOA) limits provided by the manufacturers must be adhered 

to. Power IGBTs can operate in the active region from several hundred microseconds to a few 

milliseconds below their rated current and voltage. Operating the IGBTs safely for an extended 

period in the active region is an important design consideration for AGDs [70]. Furthermore, 

the developed AGD should be immune to common mode dv/dt transients at the IGBT terminals 

[71]. 

3.1.2 Proposed Active Gate Drive for diC/dt and dvCE/dt Control. 

The schematic diagram of the proposed AGD is shown in Figure 3.1. The dynamic switching 

period must be extended to allow the current and voltage slopes to synchronize, compensating 

for non-linearities and delay skews during IGBT switching. IGBT parasitic miller capacitance 

(CGC,int) and gate-to-emitter capacitance (CGE,int) are non-linear and voltage-dependent. In the 

proposed AGD scheme, an external gate-emitter capacitor (CGE,ext) and an external Miller 

capacitor (CGC,ext) are connected across each IGBT. A small damping resistor (RD) is added to 

avoid oscillations between CGE,ext, and CGE,int. CGE,ext adds to the CGE,int and increases the gate 

charge during the current slope interval. Hence it slows diC/dt without significantly affecting 

dvCE/dt period. Similarly, CGC,ext adds to the CGC,int and increase the gate charge during the 

voltage slope period. Thereby slowing down the dvCE/dt without affecting diC/dt period. 

External capacitances behave linearly over the voltage range and assist in more accurate 

diC/dt and dvCE/dt control. This increases the dynamic control capability of diC/dt and dvCE/dt, 

resulting in more homogeneous current and voltage profiles across the IGBTs. The downside of 

adding CGC,ext , and CGE,int is the increase in total gate charge and switching losses [67]. 
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Nonetheless, this is not a drawback concerning the DCCB application for which the AGD is 

designed. In DCCBs, the primary role of IGBTs is to operate during breaker switching, where 

they absorb the transient inrush current and TIV. IGBTs are not expected to be continuously 

switched as in switching power applications [71], [72]. 
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Figure 3.1: Schematic diagram of the proposed Active Gate Drive (AGD). 

3.1.3 diC/dt and dvCE/dt Sensing Circuitry. 

The proposed AGD requires high bandwidth diC/dt and dvCE/dt measurements. As shown in 

Figure 3.1, an RC differentiator measures the dvCE/dt across the IGBT during switching. The 

output of the RC differentiator is proportional to the derivative of the input voltage within its 

operating bandwidth, thereby providing a scaled representation of dv/dt. This approach 

eliminates the need for dedicated high-speed voltage sensors and explicit differentiator circuits, 

which are often sensitive to noise and bandwidth limitations. Filter resistance (RF) and 

capacitance (CF) can be selected to achieve the required measurement bandwidth.  

When the measured signal satisfies ɤ ḺρὙὅϳ , the output voltage of the RC differentiator 

can be written as; 

 ὺ ὸ Ὑὅ  (3.1) 
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High bandwidth Op-Amp Gain of A1 amplifies the induced voltage. 

 ὺ ϳ  ὃὙὅ  (3.2) 

Printed Circuit Board (PCB) Rogowski coil measures the diC/dt through the IGBT. The 

Rogowski coil is a low-cost alternative to a high-bandwidth Hall sensor for current 

measurement and for deriving diC/dt. Previous studies on AGDs suggest using bond wire 

inductance (Lbond) to measure diC/dt. However, it may lead to measurement and calibration 

errors, as the Lbond depends on the IGBT construction.  

The induced voltage in the coil terminal vROG is; 

 ὺ ὓ  (3.3) 

Here, - is the mutual inductance of the coil. Apart from mutual inductance, each coil turn 

has parasitic capacitance between its turns, resulting in multiple resonance points [73]. In 

regular operation, the Rogowski coil is used only at frequencies below its first resonance 

frequency. The high-bandwidth OpAmp amplifier, with gain A2, amplifies the induced voltage.  

 ὺ Ⱦ ὃὓ  (3.4) 

3.1.4 Voltage and Current Slope Control 

The proposed AGD utilizes a single Proportional (P) controller that automatically 

transitions between diC/dt and dvCE/dt. During IGBT switching, voltage and current slope 

periods appear in sequence without overlap. This allows us to use a single controller for diC/dt 

and dvCE/dt control, as diC/dt feedback is zero during the voltage slope period, and dvCE/dt is 

zero during the current slope period. Hence, an automatic transition between the diC/dt and 
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dvCE/dt control loops occurs, eliminating the need for complex circuitry for IGBT switching-

phase detection and feedback signal multiplexing. 

As shown in Figure 3.1, the reference voltage VREF defines the diC/dt and dvCE/dt during 

turning on/off switching cycles. Reference values for diC/dt and dvCE/dt are defined in equations 

(3.5) and (3.6). 

  
Ȣ

 (3.5) 

  
Ȣ Ȣ

 (3.6) 

According to Equations (3.5) and (3.6), a negative VREF initiates the IGBT turning on (i.e., 

positive current slope and negative voltage slope), and a positive VREF initiates the IGBT turning 

off (i.e. negative current slope and positive voltage slope). The sign inversion is used to 

compensate for the controller output inversion in the inverting amplifier configuration.  

The proposed AGD controller is only active during the dynamic voltage and current slope 

period, as there is no feedback with diC/dt and dvCE/dt zero during the steady state. Therefore, 

without diC/dt and dvCE/dt feedback, the AGD functions as a resistive gate drive. 

3.1.5 Hardware Prototype of the AGD and Test Setup. 

Figure 3.2 (a) shows the experimental Double Pulse Test (DPT) setup to verify the proposed 

AGD for diC/dt and dvCE/dt control. The AGD prototype is implemented using high-bandwidth 

Op-Amps to achieve high control bandwidth. The schematic block diagram of the test setup is 

shown in Figure 3.2 (b). The AGD unit is referenced to the IGBT emitter. IGBT, measurement 

circuits, and the AGD collectively constitute an Active Switch Module (ASM). The ASM is 

isolated from the control unit using an isolated gate drive, and each ASM requires an isolated 

DC power supply for the AGD control circuit. VREF is set at the start of the switching cycle. 
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Switching pulses are generated by the central controller. The DPT setup (560V and 60A) with 

an inductive load of 2.5 mH is used.  
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Figure 3.2: Evaluating platform for the proposed AGD (a) Experimental Setup, (b) Schematic block 

diagram. 

The first series of experiments examines the independent control capability of diC/dt and 

dvCE/dt in the IGBT for different VREF values. Secondly, to assess the independent voltage and 

current balancing capability using AGD, tests are conducted with ASMs connected in parallel 

and in series arrays.  

3.1.6 Switching Behavior of ASMs 

The switching behavior of the ASM is examined in this Section. Different stages of IGBT 

switching are identified during the IGBT's turn-on and turn-off processes for this analysis. 

Figure 3.3 (a) and (b) show the voltage and current waveform trends at IGBT turning on and 

off, respectively. An equivalent circuit of an IGBT operating in the active region during IGBT 

turning on and off is shown in Figure 3.4. During the ASM turning on and off, the progress of 

the IGBT operating point along the IGBT output characteristics and transfer characteristics is 

shown in Figure 3.5 (a) and (b), respectively. 
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Figure 3.3: Transient voltage and current waveforms during (a) ASM turning on, (b) ASM turning off. 
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Figure 3.4: Equivalent circuit of the IGBT operating in the active region during ASM switching. 

vCE,L

VCC

III

III

IVV

I

II & III

IV
V

VGE,LVGE,THVDC

IC
 (
A

)

VCE (V)

IC
 (
A

)

VGE (V)

vCE,L

VCC

V

IV

II & IIII

V

II & III
I

VGE,LVGE,THVDC

IC
 (
A

)

IC
 (
A

)

VGE (V)VCE (V)

(a)

(b)

IV 

 
Figure 3.5: Progress of operating point in IGBT output and transfer characteristics during (a) ASM turning-

on, (b) ASM turning-off. 
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As shown in Figure 3.3 (a), ASM turning on can be characterized into five stages for 

analysis. Stages III and IV are the periods during which the IGBT's active current and voltage 

slope are controlled. Similarly, ASM turning off can be identified into five stages, as shown in 

Figure 3.3 (b). During stages III and IV, voltage and current slopes are controlled by AGD, set 

by voltage slope reference (dv/dt)REF, and current slope reference (di/dt)REF, respectively. 

A detailed behavioral analysis of ASM turning on and off, along with the ASM switching 

equations, is provided in Appendix A. 

The first series of experiments examined the capability of the AGD to independently control 

the diC/dt and dvCE/dt with different (di/dt)REF and (dv/dt)REF. Figure 3.6 (a) and (b) show the 

measurements of ASM turning on and off with different (di/dt)REF and (dv/dt)REF.  

The measured results demonstrate the AGD's capability to control the diC/dt and dvCE/dt 

during both IGBT turn-on and turn-off. During IGBT turn-on, a rapid current rise occurs before 

the controller achieves the desired diC/dt. Similarly, when the IGBT is turned off, a rapid voltage 

rise can be observed before the AGD achieves the desired dvCE/dt.  

 

Figure 3.6: Collector current (iC) and collector-emitter voltage (vCE) with different VREF during (a) IGBT 

turning-on, (b) IGBT turning-off. 
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3.2 Current and Voltage Balancing Operation of Standardized-

ASMs: Testing and Verification 

In this section, the voltage and current balancing proficiency of the ASMs when 

interconnected in series and parallel arrangements is assessed. The AGD regulates the diC/dt 

and dvCE/dt during IGBT switching, facilitating dynamic voltage and current balance between 

ASMs. This eliminates dependence on non-linearities and differences in operating point 

between IGBTs, allowing compensation for gate-drive delays between ASM modules. 

Voltage balancing in steady state can be achieved using static voltage balancing resistors 

(RB), as shown in Figure 3.7. Differences in internal parameters such as CGE, CGC, CCE, and RG 

cause a dynamic voltage imbalance between IGBTs connected in series. Other factors that affect 

uneven dynamic voltage sharing include delay skew between gate drives and differences in stray 

inductance and capacitance in the circuit.  

In a series-connected ASM array (Figure 3.7), dynamic voltage sharing can be achieved by 

increasing the dynamic voltage rise/fall time interval using the AGD to accommodate gate drive 

delays. Figure 3.8 (a) and (b) show the voltage sharing between two series ASMs during turning 

off and on, respectively, with different VREF for dynamic voltage slope control. The different 

VREF values result in different dvCE/dt, demonstrating the capability of the proposed AGD to 

regulate the switching transient over a wide operating range. 

 
Figure 3.7: Series connection of IGBTs for voltage sharing operation. 
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Figure 3.8: Voltage sharing between two series-connected ASMs, with different (dv/dt)REF, during (a) 

turning off, (b) turning on. 

Dynamic current unbalance during IGBT switching is primarily caused by differences in 

delay times between gate drives and optical isolators, as well as variations in IGBT parameters. 

Current sharing between parallel-connected IGBTs is tested with two parallel ASMs (Figure 

3.9) in the DPT setup. Figure 3.10 (a) and (b) show the current sharing between two parallel 

ASMs during IGBT turning-on and turning-off, respectively. ASM1 and ASM2 share current with 

minimal current imbalance during switching. This demonstrates the ability of the proposed 

ASM scheme to achieve dynamic current balance while maintaining predefined (di/dt)REF.  
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