
ABSTRACT 

JUVEKAR, SWANAND. A Fast Acting DC Solid State Circuit Breaker. (Under the 
direction of Dr. Subhashish Bhattacharya). 
 

The thesis focuses on developing a low voltage prototype of a medium voltage DC 

solid state circuit breaker. Various topologies of DC solid state breakers are evaluated and 

the one suitable to implement a fast acting fault interrupting device is chosen. Simulations 

are performed using MATLAB/PLECS to verify desired system operation with chosen 

components. The circuit is then implemented in hardware using a MOSFET semiconductor 

switch and a micro-controller to control its operation. Hardware backup circuitry is also 

implanted using OPAMP. The maximum operation time for hardware developed in this 

thesis is 4.042uS. Initial testing is carried out at low voltage (60V) and testing waveforms are 

presented along with explanation of different times. Firmware logic is also explained with a 

flowchart. Later, the hardware is tested at 400V and testing results are presented.  

 

A mathematical expression for sensor operating time is derived and simulation for the 

same is also presented to verify calculated time. Limitations of present hardware are 

explained by comparing calculated operation time and obtained hardware results. Later, 

SPICE simulations are performed on 7.5kV DC system to evaluate and compare performance 

of 6.5kV Si-IGBT and SiC- MOSFET. The tradeoff between the two is also explained which 

would be helpful for choosing the right device for given system. 
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CHAPTER 1                                     

Solid state circuit breakers for DC applications 

 

A circuit breaker (CB) is a kind of switch which is supposed to operate whenever 

there is a fault condition or sustained overloads in power system. Primary function of a 

circuit breaker is to isolate the faulty section of the power system thereby protecting the loads 

and system itself from damage due to excessive currents. There exist different types of circuit 

breakers such as thermal circuit breakers, electromagnetic circuit breakers, thermal/magnetic 

circuit breakers and solid state circuit breakers. All of these differ in principle of operation. 

Thermal circuit breakers use a bimetallic strip which bends due to heat produced by 

excessive current during fault condition. As a result, the current carrying contact open up 

breaking the main circuit. In electromagnetic type circuit breakers, main current flows 

through a coil which produces magnetic field to attract an armature. When current is higher 

than set value, magnetic field becomes strong enough to pull the armature thereby breaking 

the main circuit. Circuit breakers combining both of these effects are called thermal/magnetic 

circuit breakers. These use electromagnetic action to provide over-current protection and 

thermal effect to provide protection against sustained overloads. 

Thermal circuit breakers have long tripping times which means fault current 

continues to flow through the system longer which could be dangerous to the system and 

loads. Moreover, thermal CBs are sensitive to ambient temperature variations. Though 
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electromagnetic CBs are faster than thermal CBs, their tripping speed is not sufficient to 

protect modern loads which are very sensitive to extreme electrical conditions. Again these 

are sensitive to external magnetic interference and vibrations in addition to ambient 

temperature [1]. A solid state circuit breaker scores over other types mainly because of its 

faster tripping times with additional advantages including soft start, soft turn off, reduced 

switching surges, high reliability and longer life due to lesser wear and tear (no arcing), 

improved power quality at healthy section of system [2]. 

  

1.1 Motivation 

Figure 1.1 on next page shows a single line diagram of FREEDM system. The IFM 

(Intelligent Fault Management) systems are implemented using SSFID (Solid State Fault 

Isolation Devices). The function of SSFID is to isolate the faulty section of the system 

thereby allowing rest of the system to function normally. The motivation for work presented 

in this thesis is to develop a MVDC counterpart of SSFIDs used in MVAC system which is 

part of FREEDM grid. 

Recently medium voltage DC (MVDC) distribution is becoming more and more 

popular. Advantages of MVDC distribution include higher power transfer capability, 

transformer size reduction due to high frequency operation, higher power density and 

potentially higher efficiency, ease of paralleling generating units, better fault controllability 

and simpler cabling. As a result, MVDC systems are being proposed for wind farms, large 

scale solar energy collection and naval shipboard power systems. 
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Figure 1.1 FREEDM system single line diagram [3] 

 

Modern navy warships are becoming more and more electric and nature of loads on 

board is changing from energy intensive to power intensive. Therefore, it is becoming 

increasingly challenging to supply ship’s power demand with limited available space. The 

obvious solution to this problem is to increase the ship power density. In the first attempt to 

tackle this issue, Integrated Power System (IPS) was proposed meaning a shared electric 

power generation for all types of ship electric load. This was in contrast to the inefficient 

traditional approach of having dedicated generation for both propulsion and ship service 

loads. However, even the new IPS power system using conventional Medium-Voltage AC 
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(MVAC) distribution system, which has been used for many years on navy ships, falls short 

of answering these soaring power demands due to its bulky infrastructure mainly consisting 

of huge high power 60Hz three-phase transformers. This limits the usability of MVAC 

system for modern navy warfare ships which are geared toward more advanced electric type 

of loads. Considering the major issue of power density with future combatant ships, the Next 

Generation Integrated Power system (NGIPS) roadmap [4], developed by the Electric Ship 

Office (ESO) of Office of Naval Research (ONR), suggests the Medium Voltage DC 

(MVDC) distribution as a viable solution to increase power density on the ship [5]. One such 

system is shown in figure 1.2 [5] below. The figure shows a typical naval MVDC system 

with several power sources and several loads. The power required for loads like proposer, 

weapon systems etc could be derived from a generator, fuel cell, batteries and so on. As in 

case of any power system, the system and loads need to be protected from faults and here we 

need a MVDC circuit breaker. Figure 1.3 shows a scaled down version MVDC system shown 

in figure 1.2. In figure 1.3 [5], a 3-phase AC source is feeding a transformer which scales 

down its input voltage to 4.16kV. A power electronic converter is acting as a rectifier and 

generates 7.5kV DC at the output. Different loads are hanging off the DC bus and as shown 

in figure 1.3, SSCB could be used to provide overcurrent protection to loads connected to its 

output. To serve as a proof of concept, a low voltage (400V) prototype of MVDC circuit 

breaker is developed in this thesis and testing results are presented. 
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Figure 1.2 Typical naval MVDC system 

 

 

Figure 1.3 7.5kV DC system 
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As a part of ongoing research on MVDC, a 400V DC testbed is being developed in 

FREEDM systems center. The 400V system is shown in figure 1.4. It can be seen that there 

are several loads connected to DC bus some of which could be sensitive loads which need 

faster fault isolation in order to protect them from damage. In a real MVDC system, fault 

severity could be even higher owing to higher bus voltage. This thesis focuses on developing 

DC solid state circuit breaker hardware for 400V system shown in figure 1.4. Simulations are 

also performed for a 7.5kV MVDC system using different devices and results are compared. 

 

 

Figure 1.4 The 400V DC testbed developed as prototype of MVDC [5] 
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1.2 Background of DC SSCBs 

In literature, hybrid circuit breakers were proposed as a solution to high conduction 

losses due to higher on resistance of a semiconductor switch [6]. In such a configuration, 

fault current is interrupted in multiple steps as described in [7]. Normally, load current would 

flow through mechanical switch and only when fault occurs, the semiconductor switches are 

fired to divert fault current away from mechanical switch and allow opening it without any 

arcing. With advances in power semiconductor technology, new and better devices like 

IGBTs, SiC MOSFETS etc were developed which have much superior performance as 

compared to their ancestors. Recently, MOSFETS having on resistance as small as 19mΩ 

(e.g. STY112N65M5) have arrived in market. This eliminates the need to use mechanical 

switch in order to reduce conduction losses and thus reduces size and cost. 

 

 

Figure 1.5 Hybrid DC circuit breaker [6] 
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With current technology, there are three approaches to implement the DC solid state 

fault interrupting scheme. Conventional approach makes use of an ability of VSC to act as a 

crowbar circuit and AC side circuit breaker interrupts fault current as described in [8]. This is 

shown in figure 1.6. Another method is to use a SCR based switch with forced commutation 

circuit which is required to turn SCR off in case of fault as described in [9]. This is shown in 

figure 1.7. Third method uses a semiconductor device like IGBT or MOSFET having 

controlled turn off capabilities since current limiting action needs to be faster than a half-

cycle as described in [10]. This is shown in figure 1.8.  

 

Figure 1.6 DC circuit breaker scheme employing VSC as crowbar [8] 
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Figure 1.7 DC circuit breaker scheme employing forced commutation technique  [9] 

 

 

Figure 1.8 DC solid state circuit breaker  [10] 
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In the first case, speed of fault interruption depends on AC side circuit breaker which 

might not meet the requirements and moreover VSC switches need to withstand full fault 

current until the breaker interrupts it. Last approach simplifies the hardware implementation 

by allowing use of a simpler power circuit and also allows ultra fast operation. Therefore, 

this approach is focused on for purpose of hardware implementation. 

 

1.3 Scope of thesis 

The most important aspect focused on in this thesis is speed of operation. Current 

literature shows this time to be several tens or hundreds of micro-seconds. An existing patent 

[1] with same topology as chosen for this thesis mentions time required to inhibit fault 

current as 300uS. Similar system as shown in [10] shows hardware results with operation 

time more than 15uS. This thesis aims at developing SSCB hardware with operation time in 

less than 5 microseconds using silicon MOSFET. 

In section 1.4, topology of SSCB implemented in this thesis is described. In next few 

chapters, MATLAB/PLECS simulations are performed for 400V DC system and events 

occurring during turn on and turn off of switch are explained. The chosen SSCB topology is 

realized in hardware and hardware testing waveforms are presented with explanation of 

different times. Later, analysis is performed to calculate sensor response time and simulation 

is performed with models of actual components used for hardware implementation to verify 

the result obtained by calculations. Finally, simulations are also performed for 7.5kV MVDC 

system to test how currently available devices perform for this application and compare 



 
11 

 
 

 

 

results for different devices to show tradeoff between them to be considered while choosing 

the right switch for SSCB. In final section of thesis, a new PV model is developed which acts 

as impedance dependent current source rather than conventional voltage controlled current 

source. The benefits of new model are explained with the help of MATLAB/PLECS 

simulation. 

 

1.4 Overview of chosen SSCB topology  

 

 

Figure 1.9 Block diagram of SSCB system 
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The figure 1.9 shows the block diagram of SSCB system developed in this thesis. The 

micro-controller is central decision making unit. It is continuously monitoring response of 

current sensor for overcurrent condition. In normal condition, micro-controller commands 

gate driver to keep the semiconductor switch ON. When a fault occurs, load current begins to 

increase at a rate determined by fault current limiter. The fault current limiter is an inductive 

element which limits di/dt in case of fault. To avoid having over-voltage stresses on 

semiconductor switch, a freewheeling path must be provided at the time of current 

interruption by semiconductor switch. Once current crosses a threshold programmed in 

micro-controller, it commands gate driver to shut the semiconductor switch off. Since micro-

controller is a programmable device, logic for auto-reclosure can also be implemented. If the 

fault is persistent after 3 attempts, the main switch will be turned off by micro-controller and 

will remain off until reset manually. Once the fault is cleared, micro-controller sends signal 

to trip indicator circuit which lights an LED and sends signal to other circuits. In case micro-

controller fails to act in timely manner, a hardware backup circuitry with current threshold 

higher than that of micro-controller comes into action. This hardware backup uses reliable 

OPAMP circuitry to compare current sensor response with a fixed threshold and send trip 

command to gate driver is there is a fault. 
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CHAPTER 2                     

PLECS simulations of SSCB system 

 

In this chapter, SSCB topology described in chapter 1 is simulated using 

MATLAB/PLECS software to study its operation. Components to be used in hardware 

implementation are chosen and real values of device parameters are used for simulation. 

Parasitic elements are also introduced to make simulation more realistic. Various delays and 

operation times of individual components are calculated and modeled in the simulation. A 

calculation for expected total operating time is also performed. 

  

2.1 SSCB components 

The semiconductor switch used for hardware implementation is a STW55NM60ND 

MOSFET with typical on-resistance of 47mΩ. The micro-controller used is PIC16F690 and 

is operated with 20MHz crystal. Gate driver is implemented using IXDN409SI which is a 

high speed, high current gate driver chip designed to drive a switch at faster rate. An opto-

coupler (HCNW2211) is also used to provide isolation upto 5kV. Current sensor used is LA-

55P which is closed loop current transducer working on Hall Effect principle. Output of 

current sensor is fed to micro-controller through an OPAMP (TLE2142I) buffer. Fault 

current limiter is simply an inductor which limits di/dt when fault happens. A freewheeling 
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diode (DSEP29-06A) is used to provide a freewheeling path to inductor current when main 

switch opens. 

 

2.2 Calculation of operation time 

Quite a few components contribute to total operation time of SSCB. After load 

current crosses threshold, current sensor output takes some time to change to that 

corresponding to overcurrent condition followed by OPAMP buffer operation time. Output of 

OPAMP buffer is fed to comparator inside micro-controller which has its own response time 

followed by time taken by firmware to execute the overcurrent trip logic. When micro-

controller sends a turn off command to main switch, it has to pass through opto-coupler and 

gate driver. Finally, the semiconductor switch itself takes finite time to turn off whose value 

depends on gate resistance. Time taken by individual components is obtained from datasheet 

and is listed below. 

• LA55-P, Current sensor: 1uS (From datasheet) 

• TLE2142I, OPAMP buffer: 340nS (From datasheet) 

• Comparator inside micro-controller: 400nS (From datasheet of PIC16F690) 

• Micro-controller logic: 9*0.2uS = 1.8uS (9 instructions each taking 200nS) 

• HCNW2211, opto-coupler: 160nS+7nS=167nS (OFF propagation delay + Fall time) 

• XDN409SI, Gate driver chip: 36nS+15nS=51nS (OFF propagation delay + Fall time) 
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• STW55NM60ND, MOSFET: 284nS (OFF propagation delay + Fall time) 

From above mentioned individual operating times, operating times of different 

sections of circuit and total operation time is calculated as follows. 

• Adding all individual operating times of components, expected total maximum 

operating time = 4.042uS.  

• Maximum operating time for sensor, OPAMP and micro-controller 

1uS+0.34uS+0.4uS+1.8uS= 3.54uS.  

• Maximum operating time for opto-coupler, gate driver and switch to turn off is 

0.167uS+0.051uS+0.284uS=0.502uS=502nS. 

 

2.3 System simulation at 400V DC 

Figure 2.1 shows the circuit diagram of the SSCB system. It has a 400V DC stiff 

input and it is feeding a load of 85.5ohm. Main power switch which carries load current and 

interrupts it in case of fault is a MOSFET (STW55NM60ND). Inductor L2 is acts as a fault 

current limiter which will limit source current di/dt when fault occurs. Operating times of 

various devices are modeled and are as shown in figure. L3 and L4 are used to model 

parasitic inductances in circuit. Waveforms obtained from simulation are presented in next 

section. 
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Figure 2.1 SSCB circuit diagram 

 

2.4 Simulation results 

Figure 2.2 below shows simulation waveforms. At the start of simulation, main 

switch is kept off. As a result it is blocking 400V across it and no power is delivered to load. 

At t=50e-6, turn on gate signal is given to main switch and it begins to conduct current equal 

to 400/85.5 =4.68A.  
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Figure 2.2 SSCB simulation waveforms 
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At t=80e-6, a 25ohm load bank is switched in parallel with existing load. As a result 

total load resistance becomes 25//85.5 = 19.344ohm which means steady state fault current 

will be 400/19.334 = 20.68A if no action is taken. As seen in figure 2.1, overcurrent 

threshold is set at 5.5A. The control circuitry will start taking action after it detects 

overcurrent which happens 1.34uS (sensor circuitry response time) after current crosses 

5.5A. Fault current continues to increase till it is interrupted by main switch after 4.042uS 

from the instant fault current crosses the threshold. When the fault current is interrupted, 

inductor current freewheels through diode and main switch blocks 400V. Zoomed in view of 

figure 2.2 is shown in figure 2.3 on next page. 

After auto-reclosure delay of 50uS, control circuitry attempts to power up the load 

and check if fault is still present. As the fault is still there, current through load starts rising at 

a rate determined by inductor. Again control circuitry begins to take action 1.34uS after fault 

current crosses the threshold and fault current in interrupted after about 4.042uS. This 

process repeats two more times and then firmware concludes that it is a permanent fault and 

keeps main switch open until micro-controller is reset manually. Zoomed in version of 

waveform is shown below which shows fault being interrupted 4.042uS after fault current 

crosses set overcurrent threshold. 
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Figure 2.3 Zoomed view of waveform when fault occurs 
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CHAPTER 3                 

Hardware implementation and testing results 

 

The topology chosen for SSCB implementation is shown in figure 1.9 and its working 

is explained in chapter 1. This chapter elaborates on hardware implementation of low voltage 

prototype SSCB for 400V DC testbed. Firmware logic for micro-controller is explained with 

a flowchart. The hardware is first tested at low power for purposes of firmware development 

and testing results are presented. Later, it is tested at 400V and captured waveforms are 

presented in this chapter with explanation of different times.  

 

3.1 SSCB hardware 

For convenience, figure 3.1 again shows the block diagram of chosen SSCB 

topology. This can be compared to actual hardware pictures shown later to see how each 

block in the system got translated into real hardware. As mentioned in previous chapter, the 

semiconductor switch used is a MOSFET (STW55NM60ND) with typical on-resistance of 

47mΩ. The micro-controller used is PIC16F690 and is operated with 20MHz crystal. Gate 

driver circuitry is implemented using IXDN409SI which is capable of supply driving currents 

as high as 9A. An opto-coupler (HCNW2211) is also used to provide isolation upto 5kV. 

Current sensor used is LA-55P which is closed loop current transducer working on Hall 

Effect principle. Output of current sensor is fed to micro-controller through an OPAMP 
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(TLE2142I) buffer. Fault current limiter is simply an inductor which limits di/dt when fault 

happens. A freewheeling diode (DSEP29-06A) is used to provide a freewheeling path to 

inductor current when main switch opens. 

 

 

Figure 3.1 The block diagram of SSCB system 

 

Figure 3.2 shows picture of SSCB board. The main switch (MOSFET) is placed 

upside down and hence only its terminals are visible in figure 3.2. A hardware backup 

circuitry is designed to protect the load in case micro-controller does not operate at all. 

Hardware backup is implemented using LM339 OPAMP acting as Schmitt trigger and SR 
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latch to provide instantaneous trip. Current threshold set for hardware backup is much higher 

than that set in micro-controller. If micro-controller fails to act by the time current reaches 

threshold set in hardware backup, it will trip main switch instantaneously. This current 

threshold can be varied by using a potentiometer as shown in figure below. Trip indicator 

circuitry glows green LED and sends signal to auxiliary circuitry when a permanent fault is 

cleared by micro-controller after all attempts of reclosure are failed. Pictures of PCB are 

shown in figure 3.2. Entire test setup for testing at 60V is shown in figure 3.3 where heat sink 

is also visible. 

 

 

Figure 3.2 The block diagram of SSCB system 
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Figure 3.3 Test setup for 60V testing 

 

3.2 Firmware logic 

The firmware logic is implemented using micro-controller PIC16F690. Feedback 

voltage obtained from current sensor circuitry is compared with a programmed threshold 

using an internal comparator. Whenever current threshold exceeds programmed threshold, 

comparator output goes low. The firmware is continuously looking for this condition to 

detect overcurrent condition. Whenever overcurrent is detected, main switch carrying load 

current is switched off and firmware waits for 50uS (auto-reclosure time) and then closes the 

main switch to check if fault is still there. If fault is still present, it will again turn off main 
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switch and process repeats. When fault occurs for the first time, a timer is initiated which will 

reduce the fault count if next fault trigger does not occur within 1mS.  

 

 

Figure 3.4 SSCB firmware logic flowchart 
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3.3 Hardware testing results at 60V 

For developing a prototype, the hardware is first tested with a 60V supply and a 

primarily resistive load bank having a small inductance (16uH as measured from 

waveforms). Instead of putting a real fault at the load terminals, the load resistance is varied 

from 60ohms to 6.4ohm so that final steady state value of load current is beyond overcurrent 

threshold set in micro-controller. Results with 2.7A, 5.5A and 8.1A threshold are presented 

in this section. 

 

3.3.1 Case 1: Current threshold=2.7A 

Figure 3.5 below shows output when current threshold is set at 2.7A. Blue waveform 

is load current while pink waveform is that of micro-controller output command to opto-

coupler and gate driver. The system makes 3 auto-reclosure attempts and if the fault is still 

persistent main switch remains off until micro-controller is reset manually. Figure 3.5 shows 

measured time as 52.6uS as against chosen value 50uS because of other instructions 

(conditional instructions, incrementing counter) that need to be executed before switch is 

turned ON again. It is important to note that time taken by micro-controller can vary upto a 

maximum of 2.2uS depending on which instruction the micro-controller is executing when a 

fault occurs. 
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Figure 3.5 SSCB system operation at 2.7A threshold 

 

 

Figure 3.6 First step, total time (Threshold=2.7A) 
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Figure 3.7 First step, micro-controller and sensor circuitry time (Threshold=2.7A) 

 

Figures 3.6 through figure 3.13 show steps followed by SSCB while tackling a 

persistent fault. Figure 3.6 shows first step while tackling a persistent fault. Before fault 

occurred, load current was 1A. When fault occurs, current starts to rise and as a result, 

current sensor circuitry output (sensor and OPAMP buffer) begins to rise. When feedback to 

micro-controller increases beyond programmed threshold, the micro-controller sends OFF 

command to opto-coupler and gate driver circuitry. This is seen as pink waveform (micro-

controller output) falling off in figure 3.6. Gate driver and opto-coupler take finite amount of 

time to send OFF command to main switch and finally main switch takes some time to turn 

OFF and then load current (blue waveform) begins to commutate to freewheeling diode 

decaying exponentially as stored energy in inductor dissipates.  
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From figure 3.6, total operation time is seen to be 1.48uS which is less than maximum 

calculated time 4.042uS. Figure 3.7 shows total operating time of micro-controller and sensor 

circuitry as 1.025uS which is less than maximum calculated 3.54uS. This implies that total 

time taken by opto-coupler, gate driver and main switch to turn off is 1.48uS-1.025uS= 

455nS which is less than maximum calculated amount 502nS. 

After micro-controller sends OFF command to opto-coupler and gate driver, it waits 

for 50uS (auto-reclosure time) and sends command to turn ON main switch again. Figure 3.8 

shows turn ON and subsequent turn OFF which happens since fault is still present. 

 

 

Figure 3.8 Second step, total time (Threshold=2.7A) 
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Figure 3.9 Second step, micro-controller and sensor time (Threshold=2.7A) 

 

Since the fault is persistent when micro-controller makes first auto-reclosure attempt, 

the system goes through same process as before and eventually micro-controller turns off the 

main switch. From figure 3.8, total operation time is seen to be 3.238uS which is less than 

maximum calculated time 4.042uS. Total operating time of sensor circuitry and micro-

controller is 2.865uS as shown in figure 3.9 which is less than maximum calculated 3.54uS. 

This implies that total time taken by opto-coupler, gate driver and main switch to turn off is 

3.238uS-2.865uS= 373nS which is less than maximum calculated 502nS.  

After 50uS, micro-controller makes another attempt to check if fault is still there. 
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Figure 3.10 Third step, total time (Threshold=2.7A) 

 

 

Figure 3.11 Third step, micro-controller and sensor time (Threshold=2.7A) 
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Again as fault is still there when micro-controller makes second auto-reclosure 

attempt, the system goes through same process as before and eventually micro-controller 

turns off the main switch. From figure 3.10, total operation time is seen to be 3.249uS which 

is less than maximum calculated time 4.042uS. Total operating time of sensor circuitry and 

micro-controller is 2.822uS as shown in figure 3.11 which is less than maximum calculated 

3.54uS. This implies that total time taken by opto-coupler, gate driver and main switch to 

turn off is 3.249uS-2.822uS= 427nS which is less than maximum calculated 502nS.  

After 50uS, micro-controller makes another attempt to check if fault is still there. 

 

 

Figure 3.12 Fourth step, total time (Threshold=2.7A) 
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Figure 3.13 Fourth step, micro-controller and sensor time (Threshold=2.7A) 

 

Finally micro-controller makes third and last auto-reclosure attempt and the system 

goes through same process as before and eventually micro-controller turns off the main 

switch as fault it persistent. From figure 3.12, total operation time is seen to be 3.195uS 

which is less than maximum calculated time 4.042uS. Total operating time of sensor circuitry 

and micro-controller is 2.822uS as shown in figure 3.13 which is less than maximum 

calculated 3.54uS. This implies that total time taken by opto-coupler, gate driver and main 

switch to turn off is 3.195uS-2.822uS= 373nS which is less than maximum calculated 502nS. 

Note that time scale on figure 3.13 is 2uS/div which makes pulses look wider than that in 

figure 3.12. When the fault is cleared, micro-controller needs to be reset manually in order to 

supply the load again. 
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3.3.2 Case 2: Current threshold=5.5A 

Figure 3.14 below shows output when current threshold is set at 5.5A. Blue waveform 

is load current while pink waveform is that of micro-controller output command to opto-

coupler and gate driver. As in previous case, the system makes 3 auto-reclosure attempts and 

if the fault is still persistent main switch remains off until micro-controller is reset manually. 

Figure 3.14 shows measured time as 52.6uS as against chosen value 50uS because of other 

instructions (conditional instructions, incrementing counter) that need to be executed before 

switch is turned ON again. It is important to note that time taken by micro-controller can 

vary upto a maximum of 2.2uS depending on which instruction the micro-controller is 

executing when a fault occurs.  

 

 

Figure 3.14 SSCB system operation at 5.5A threshold 
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Figure 3.15 First step, total time (Threshold=5.5A) 

 

 

Figure 3.16 First step, micro-controller and sensor circuitry time (Threshold=5.5A) 
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From figure 3.15, total operation time is seen to be 1.179uS which is less than 

maximum calculated time 4.042uS. Figure 3.16 shows total operating time of micro-

controller and sensor circuitry as 808nS which is less than maximum calculated 3.54uS. This 

implies that total time taken by opto-coupler, gate driver and main switch to turn off is given 

by 1.179uS-808nS= 371nS which is less than maximum calculated 502nS. 

After micro-controller sends OFF command to opto-coupler and gate driver, it waits 

for 50uS (auto-reclosure time) and sends command to turn ON main switch again. Figure 

3.17 shows turn ON and subsequent turn OFF which happens since fault is still present. 

 

 

Figure 3.17 Second step, total time (Threshold=5.5A) 
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Figure 3.18 Second step, micro-controller and sensor time (Threshold=5.5A) 

 

Since the fault is persistent when micro-controller makes first auto-reclosure attempt, 

the system goes through same process as before and eventually micro-controller turns off the 

main switch. From figure 3.17, total operation time is seen to be 3.021uS which is less than 

maximum calculated time 4.042uS. Total operating time of sensor circuitry and micro-

controller is 2.648uS as shown in figure 3.18 which is less than maximum calculated 3.54uS. 

This implies that total time taken by opto-coupler, gate driver and main switch to turn off is 

3.021uS-2.648uS= 373nS which is less than maximum calculated 502nS.  

After 50uS, micro-controller makes another attempt to check if fault is still there. 
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Figure 3.19 Third step, total time (Threshold=5.5A) 

 

 

Figure 3.20 Third step, micro-controller and sensor time (Threshold=5.5A) 
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Again as fault is still there when micro-controller makes second auto-reclosure 

attempt, the system goes through same process as before and eventually micro-controller 

turns off the main switch. From figure 3.19, total operation time is seen to be 3.656uS which 

is less than maximum calculated time 4.042uS. Total operating time of sensor circuitry and 

micro-controller is 3.229uS as shown in figure 3.20 which is less than maximum calculated 

3.54uS. This implies that total time taken by opto-coupler, gate driver and main switch to 

turn off is 3.656uS-3.229uS= 427nS which is less than maximum calculated 502nS.  

 

 

Figure 3.21 Fourth step, total time (Threshold=5.5A) 
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Figure 3.22 Fourth step, micro-controller and sensor time (Threshold=5.5A) 

 

Finally after 50uS, micro-controller makes third and last auto-reclosure attempt and 

the system goes through same process as before and eventually micro-controller turns off the 

main switch as fault it persistent. From figure 3.21, total operation time is seen to be 3.763uS 

which is less than maximum calculated time 4.042uS. Total operating time of sensor circuitry 

and micro-controller is 3.336uS as shown in figure 3.22 which is less than maximum 

calculated 3.54uS. This implies that total time taken by opto-coupler, gate driver and main 

switch to turn off is 3.763uS-3.336uS= 427nS which is less than maximum calculated 502nS. 

When the fault is cleared, micro-controller needs to be reset manually in order to supply the 

load again. 
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3.3.3 Case 3: Current threshold=8.1A 

Figure 3.23 below shows output when current threshold is set at 8.1A. Blue waveform 

is load current while pink waveform is that of micro-controller output command to opto-

coupler and gate driver. As in previous case, the system makes 3 auto-reclosure attempts and 

if the fault is still persistent main switch remains off until micro-controller is reset manually. 

Figure 3.23 shows measured time as 52.7uS as against chosen value 50uS because of other 

instructions (conditional instructions, incrementing counter) that need to be executed before 

switch is turned ON again. It is important to note that time taken by micro-controller can 

vary upto a maximum of 2.2uS depending on which instruction the micro-controller is 

executing when a fault occurs.  

 

 

Figure 3.23 SSCB system operation at 8.1A threshold 
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Figure 3.24 First step, total time (Threshold=8.1A) 

 

 

Figure 3.25 First step, micro-controller and sensor circuitry time (Threshold=8.1A) 
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From figure 3.24, total operation time is seen to be 7.66uS which is more than 

maximum calculated time 4.042uS. Figure 3.25 shows total operating time of micro-

controller and sensor circuitry as 7.286uS which is more than maximum calculated 3.54uS. 

This implies that total time taken by opto-coupler, gate driver and main switch to turn off is 

given by 7.66uS-7.286uS= 374nS which is less than maximum calculated 502nS. This means 

that SSCB does not meet its predicted operating time due to extra time taken by current 

sensor and micro-controller.  

After micro-controller sends OFF command to opto-coupler and gate driver, it waits 

for 50uS (auto-reclosure time) and sends command to turn ON main switch again.  

 

 

Figure 3.26 Second step, total time (Threshold=8.1A) 
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Figure 3.27 Second step, micro-controller and sensor time (Threshold=8.1A) 

 

Since the fault is persistent when micro-controller makes first auto-reclosure attempt, 

the system goes through same process as before and eventually micro-controller turns off the 

main switch. From figure 3.26, total operation time is seen to be 5.313uS which is more than 

maximum calculated time 4.042uS. Total operating time of sensor circuitry and micro-

controller is 4.886uS as shown in figure 3.27 which is more than maximum calculated 

3.54uS. This implies that total time taken by opto-coupler, gate driver and main switch to 

turn off is 5.313uS-4.886uS= 427nS which is less than maximum calculated 502nS. Again, 

SSCB does not meet its predicted operating time due to extra time taken by current sensor 

and micro-controller. 
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Figure 3.28 Third step, total time (Threshold=8.1A) 

 

 

Figure 3.29 Third step, micro-controller and sensor time (Threshold=8.1A) 
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Figure 3.28 and figure 3.29 show second auto-reclosure attempts made by micro-

controller. Again as fault is still there, the system goes through same process as before and 

eventually micro-controller turns off the main switch. From figure 3.28, total operation time 

is seen to be 8.46uS which is more than maximum calculated time 4.042uS. Total operating 

time of sensor circuitry and micro-controller is 8.14uS as shown in figure 3.20 which is more 

than maximum calculated 3.54uS. This implies that total time taken by opto-coupler, gate 

driver and main switch to turn off is 8.46uS-8.14uS= 320nS which is less than maximum 

calculated 502nS. And once again, SSCB does not meet its predicted operating time due to 

extra time taken by current sensor and micro-controller. 

 

 

Figure 3.30 Fourth step, total time (Threshold=8.1A) 
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Figure 3.31 Fourth step, micro-controller and sensor time (Threshold=8.1A) 

 

Finally micro-controller makes third and last auto-reclosure attempt and the system 

goes through same process as before and eventually micro-controller turns off the main 

switch as fault it persistent. From figure 3.30, total operation time is seen to be 5.58uS which 

is more than maximum calculated time 4.042uS. Total operating time of sensor circuitry and 

micro-controller is 5.26uS as shown in figure 3.31 which is more than maximum calculated 

3.54uS. This implies that total time taken by opto-coupler, gate driver and main switch to 

turn off is 5.58uS-5.26uS= 320nS which is less than maximum calculated 502nS. When the 

fault is cleared, micro-controller keeps main switch open indefinitely till micro-controller is 

reset manually.  
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It is clear from results that total operating time is exceeding calculated maximum time 

because of extra time taken by current sensor circuitry and micro-controller. As maximum 

number of instructions to be executed is same for micro-controller, this extra time must be 

being introduced by current sensor circuitry. In order to investigate where this extra delay is 

coming from, more analysis is performed on current sensor circuitry operating time in next 

chapter. 

 

3.4 Hardware testing results at 400V 

 

 

Figure 3.32 SSCB board in 400V DC testbed developed as prototype of MVDC  [5] 
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The final test for a hardware circuit is to test it at conditions for which it was designed 

originally. For this purpose, solid state circuit breaker board is interfaced with 400V DC 

testbed developed as a part of ongoing research in FREEDM center as shown in figure 3.32.  

Input to the system is 208VLL which feeds a 40kVA 3 phase transformer. A DSP is 

used to control a 12-pulse thyristor bridge which produces a 400V DC output. LC filter 

(7.5mH and 1200uF) is used to filter out ripple present in DC. Total capacity of the system is 

12kVA. 

The SSCB hardware is tested at 5.5A threshold with load changing from 85.5ohm to 

19.344ohm so that load current is initially 4.68A and could go to 20.68A steady state if not 

interrupted. Figure 3.33 below shows output when current threshold is set at 5.5A. Brown 

waveform is input voltage while pink waveform is that of load current. Fault is emulated by 

changing load resistance. The system makes 3 auto-reclosure attempts and since the fault is 

still persistent, main switch remains off until micro-controller is reset manually. Figure 3.33 

scale is 20uS/div which verifies 50uS auto-reclosure time.  
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Figure 3.33 SSCB system operation at 5.5A threshold, 400V 

 

 

Figure 3.34 First step, total time at 400V(Threshold=5.5A) 
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From figure 3.34, total operation time is seen to be 2.72uS which is less than 

maximum calculated time 4.042uS. After micro-controller sends OFF command to opto-

coupler and gate driver, it waits for 50uS (auto-reclosure time) and sends command to turn 

ON main switch again. Figure 3.35 shows turn ON and subsequent turn OFF which happens 

since fault is still present. 

 

 

Figure 3.35 Second step, total time at 400V (Threshold=5.5A) 

 

Since the fault is persistent when micro-controller makes first auto-reclosure attempt, 

the system goes through same process as before and eventually micro-controller turns off the 

main switch. From figure 3.35, total operation time is seen to be 2.08uS which is less than 
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maximum calculated time 4.042uS. After 50uS, micro-controller makes another attempt to 

check if fault is still there. 

 

 

Figure 3.36 Third step, total time at 400V (Threshold=5.5A) 

 

Again as fault is still there when micro-controller makes second auto-reclosure 

attempt, the system goes through same process as before and eventually micro-controller 

turns off the main switch. From figure 3.19, total operation time is seen to be 2.08uS which is 

less than maximum calculated time 4.042uS.  
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Figure 3.37 Fourth step, total time (Threshold=5.5A) 

 

Finally after 50uS, micro-controller makes third and last auto-reclosure attempt and 

the system goes through same process as before and eventually micro-controller turns off the 

main switch as fault it persistent. From figure 3.37, total operation time is seen to be 2.08uS 

which is less than maximum calculated time 4.042uS. When the fault is cleared, micro-

controller needs to be reset manually in order to supply the load again. 

The results show that the hardware consistently operates as intended within desired 

operating time of 4.042uS at 400V DC. 
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CHAPTER 4                

Prediction of sensor operation time 

 

Hardware results from previous chapter indicate that operation time was found to be 

higher for one of the overcurrent threshold values. Since this phenomenon is threshold 

dependent, an investigation needs to be carried out on current sensor operating time. This 

chapter focuses on developing a mathematical expression for sensor response time using first 

order models of components used in hardware. This expression enables us to calculate 

expected sensor operating time for a given system, given current sensor and a given 

threshold. A simulation is also performed with models of actual components used for 

hardware implementation to verify the result obtained by calculations. 

 

4.1 Mathematical derivation for sensor response time 

Let V be the source voltage, L be the total inductance in power circuit and R be total 

resistance of power circuit. Time constant of power circuit is give by RLs /=τ . Let the 

bandwidth of sensor beBWω . Applying KVL to power circuit we get 

V = R*i +L* di/dt 

Taking Laplace transform,  

V/s = R* i(s) +L*s*i(s) 
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Taking inverse Laplace transform,  

i(t) = 
R

V
* (1- e-t/τ)                             (4.1) 

Now sensor transfer function is given by 
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Taking inverse Laplace transform,  
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Equation 4.1 can be used to find time taken by load current to reach set threshold and 

equation 4.2 can be used to calculate sensor response time to reach the same threshold. 

 

4.2 Calculation of sensor response time 

In this section, sensor response time is calculated for all three current thresholds used 

in 60V testing and is later compared with that obtained with simulation performed in next 

section of this chapter. For a given system, source voltage V, inductance in power circuit L 

and resistance in power circuit R are fixed. For a given current sensor, BWω  is fixed. To find 

response time, first we need to calculate how much time current will take to reach the 

threshold using equation 4.1. Then using equation 4.2, we can calculate at what time 

response will reach the same value. The difference between the two times is the time taken 

by current sensor.  

For all cases, V=60V, R=6.45ohm, L=16uH, u
R

L
s 48.2==τ and for sensor BWτ  is 

calculated using u
BW

BW 7958.0
200000*2

11 ===
πω

τ .  

 

4.2.1 Case 1: Current threshold=2.7A 

Putting above values and threshold=2.7A in equation 4.1, we get 
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2.7=9.3023*(1- e-t/2.48u) 

Solving for t, we get t = t1= 0.85uS 

This means that current will take 0.85uS to reach 2.7A threshold if it starts at t=0. 

Now putting same values (as used in equation 4.1) in equation 4.2, 

2.7=9.3023*(1-1.4725*e-t/2.48u+0.4725*e-t/0.7958u) 

Solving for t, we get t = t2= 1.599uS 

This means that sensor response will reach 2.7A at t2= 1.599uS. 

Therefore, sensor response time = t2- t1 =1.599uS-0.85uS= 0.749uS 

 

4.2.2 Case 2: Current threshold=5.5A 

Putting values mentioned in section 4.2 and threshold=5.5A in equation 4.1, we get 

5.5=9.3023*(1- e-t/2.48u) 

Solving for t,  we get t = t1= 2.219uS 

This means that current will take 2.219uS to reach 5.5A threshold if it starts at t=0. 

Now putting same values (as used in equation 4.1) in equation 4.2, 

5.5=9.3023*(1-1.4725*e-t/2.48u+0.4725*e-t/0.7958u) 

Solving for t,  we get t = t2= 3.124uS 

This means that sensor response will reach 5.5A at t2= 3.124uS. 

Therefore, sensor response time = t2- t1 =3.124uS-2.219uS= 0.905uS 

4.2.3 Case 3: Current threshold=8.1A 

Putting values mentioned in section 4.2 and threshold=8.1A in equation 4.1, we get 

8.1=9.3023*(1- e-t/2.48u) 
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Solving for t,  we get t = t1= 5.074uS 

This means that current will take 5.074uS to reach 8.1A threshold if it starts at t=0. 

Now putting same values (as used in equation 4.1) in equation 4.2, 

8.1=9.3023*(1-1.4725*e-t/2.48u+0.4725*e-t/0.7958u) 

Solving for t,  we get t = t2= 6.03uS 

This means that sensor response will reach 8.1A at t2= 6.03uS. 

Therefore, sensor response time = t2- t1 =6.03uS-5.074uS= 0.956uS 

 

4.3 Simulation to verify sensor response time 

It is seen from calculations above that time taken by sensor is less than 1uS as 

mentioned in datasheet. To verify values calculated above, a simulation is performed with 

correct values of components and sources used in hardware realization. Current sensor is 

modeled as a first order transfer function. Both actual current and current sensor response are 

showed on scope captures below to calculate sensor response time. Circuit used in simulation 

is shown in figure 4.1 below.  
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Figure 4.1 Simulation of circuit to measure current sensor response time 

 

Simulation results are also presented below with cursors measuring the sensor 

response time. Figure 4.2 shows that for threshold=2.7A, response time is 0.747uS which 

closely matches with calculated value 0.749uS. Figure 4.3 shows that for threshold=5.5A, 

response time is 0.904uS which closely matches with calculated value 0.905uS. Figure 4.4 

shows that for threshold=8.1A, response time is 0.956uS which is same as calculated value. 
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Figure 4.2 current sensor response time for 2.7A threshold 
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Figure 4.3 Current sensor response time for 5.5A threshold 
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Figure 4.4 Current sensor response time for 8.1A threshold 
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The equations derived in this chapter provide a tool for prediction of sensor operating 

time with restrictions explained at the end of next chapter where conclusions are drawn by 

comparing hardware results obtained in chapter 3 to calculated operating time in this chapter. 
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CHAPTER 5                      

SPICE simulations of 7.5kV DC system 

 

In this chapter, simulations are performed for 7.5kV DC system using SPICE models 

of different devices. The purpose of these simulations is to evaluate and compare the 

performance of a solid state circuit breaker (SSCB) using actual models of devices. Knowing 

trade-offs between different options helps circuit designer to choose appropriate device for 

his application. The simulation is first performed with Si-IGBT and later is repeated with 

SiC-MOSFET to compare the performance. 

  

5.1 System description 

Figure 5.1 shows the system on which simulations are carried using different devices. 

A 1MW diode rectifier bridge is used as a source for the SSCB. For SPICE simulations, 

6.5kV Si-diode model is used. AC source of 5.56kVrms L-L is used as input to rectifier. 

Input inductors are chosen such that voltage drop across them is less than 5% of input 

voltage. The DC link voltage was chosen to be 7.5kV and a 5000µF DC link capacitor was 

selected. The load was selected such that it absorbs 1MW power at rated DC link voltage of 

7.5kV.  

Therefore, RL = (7.5kV)2/1MW = 56.25Ω 
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The topologies for MVAC FID are elaborated in [11] and [12]. The topology 

mentioned in [11] is chosen because then we do not need to use series diodes. For MVDC 

FID, current flow is going to be unidirectional, so instead of 6 devices we need to have only 

three 6.5kV IGBT connected in series. Three switches are used in order to have redundancy. 

To simulate a fault, the load on system is increased by 100%. After a period if 2uS (time 

taken to sense the fault and take corrective action), all three switches open simultaneously to 

break the fault current. The circuit diagram is shown in figure 5.1. 

 

 

Figure 5.1 7.5kV DC system circuit diagram 
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5.2 Simulation results with Si-IGBT 

The circuit shown in figure 5.1 is simulated to get results shown in figure 5.2 which 

shows load voltage as red waveform and three IGBT voltages as green, violet and yellow 

waveforms. It is seen that load voltage falls quickly once IGBTs begin to open and in steady 

state they share DC bus voltage more or less equally. Figure 5.3 shows a zoomed in view of 

the figure 5.1 at the turn off instant with waveform for current (sky blue) added.  

 

 

Figure 5.2 Simulation results with Si-IGBT 
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Figure 5.3 Zoomed in results with Si-IGBT 

 

When the fault occurs at t=49.999mS (load changes to twice of its previous value), 

load current shoots to twice of its steady state value. After a delay of 2uS (operation time of 

control circuitry), IGBTs begin to turn off at 50.001mS and load current begins to fall. In 

about 13uS, load current reduces to 220mA and corresponding load voltage is 13V. All 

IGBTs share the voltage equally for the initial period seen in the above waveform. About 

400uS after fault event, voltages across IGBTs begin to deviate from each other as shown in 

figure 5.4. In steady state, voltage across IGBT 3 is higher than other two by 21V as shown 

in figure 5.5 below. 
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Figure 5.4 VCE voltage variation with Si-IGBT 

 

 

Figure 5.5 Steady state VCE with Si-IGBT 
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Now, some time delay is added into the circuit. The reason we want to examine this 

case is because in practice no two components are exactly the same and thus in a practical 

circuit it is possible that gate signals to IGBT may not be perfectly synchronized. Let IGBT 2 

begin to turn off 50nS later than IGBT 1 and IGBT 3 begins to turn off 50nS earlier than 

IGBT 1. The waveforms obtained are shown in figure 5.6. 

 

 

Figure 5.6 Zoomed in results with Si-IGBT (50nS delay) 

 

We see that there is not much difference than the ideal case in which all IGBTs begin 

to turn off at the same time. Figure 5.7 shows the waveforms in more details when the IGBTs 

are in the processes of opening. In the waveforms below we see that initially there is 
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difference in voltage across each IGBT since they are commanded to open at different times. 

However in steady state voltage shared by them is same as in the ideal case (when all of them 

open at the same time) as shown in figure 5.8. 

 

 

Figure 5.7 VCE voltage variation with Si-IGBT (50nS delay) 
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Figure 5.8 Steady state VCE with Si-IGBT (50nS delay) 

 

To simulate even greater time difference, let IGBT 2 begin to turn off 150nS later than 

IGBT 1 and IGBT 3 begins to turn off 150nS earlier than IGBT 1. The waveforms obtained 

are shown in figure 5.9. 
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Figure 5.9 Zoomed in results with Si-IGBT (150nS delay) 

 

We see that there is not much difference than the ideal case in which all IGBTs begin 

to turn off at the same time. Figure 5.10 shows the waveforms in more details when the 

IGBTs are in the processes of opening. In the waveforms we see that initially there is 

difference in voltage across each IGBT since they are commanded to open at different times. 

However in steady state voltage shared by them is same as in the ideal case (when all of them 

open at the same time) as shown in figure 5.11. 
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Figure 5.10 VCE  voltage variation with Si-IGBT (150nS delay) 

 

 

Figure 5.11 Steady state VCE with Si-IGBT (150nS delay) 
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5.3 Simulation results with SiC MOSFET 

The circuit shown in figure 5.1 is modified by replacing IGBT with SiC-MOSFET 

and simulations are repeated. Simulation results are shown in figure 5.12 which shows load 

voltage as red waveform, SiC-MOSFET voltages as green, violet and yellow waveforms. It is 

seen that load voltage falls quickly once SiC-MOSFETs begin to open and in steady state 

they share DC bus voltage equally. Figure 5.13 shows a zoomed in view of figure 5.12 at the 

turn off instant. 

 

 

Figure 5.12 Simulation results with SiC-MOSFET 
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Figure 5.13 Zoomed in results with SiC-MOSFET 

 

When the fault occurs at t=49.999mS (load changes to twice its previous value), load 

current tries to shoots to twice of its steady state value. After a delay of 2uS (operation time 

of control circuitry), MOSFET begin to turn off at 50.001mS and load current begins to fall. 

It is observed that load current drops to zero in less than 1uS and SiC-MOSFET voltage 

drops to 15V in less than 5uS. Current is inhibited 10 times faster than Si-IGBT but at the 

cost of higher conduction loss. Notably, voltage across each SiC-MOSFET is the same 

during dynamic operation and in steady state as shown in figures below. 
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Figure 5.14 VDS voltages variation with SiC-MOSFET 

 

 

Figure 5.15 Steady state VDS with SiC-MOSFET 



 
76 

 
 

 

 

To simulate asynchronous operation of circuit, let MOSFET 2 begin to turn off 50nS 

later than MOSFET 1 and MOSFET 3 begins to turn off 50nS earlier than MOSFET 1. The 

waveforms obtained are shown in figure 5.16. 

 

 

Figure 5.16 Zoomed in results with SiC-MOSFET (50nS delay) 

 

In the waveforms below it is seen that initially there is difference in voltage across 

each MOSFET since they are commanded to open at different times. However in steady state 

voltage shared by them is same as in the ideal case (when all of them open at the same time) 

as shown in figure 5.17 and figure 5.18. 
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Figure 5.17 VDS voltage variation with SiC-MOSFET (50nS delay) 

 

 

Figure 5.18 Steady state VDS with SiC-MOSFET (50nS delay) 
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To simulate even greater time difference, let MOSFET 2 begin to turn off 150nS later 

than MOSFET 1 and MOSFET 3 begins to turn off 150nS earlier than MOSFET 1. The 

waveforms obtained are shown in figure 5.19. 

 

 

Figure 5.19 Zoomed in results with SiC-MOSFET (150nS delay) 

 

In the waveforms below it is seen that initially there is difference in voltage across 

each MOSFET since they are commanded to open at different times. However in steady state 

voltage shared by them is same as in the ideal case (when all of them open at the same time) 

as shown in figure 5.20 and figure 5.21. 
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Figure 5.20 VDS voltage variation with SiC-MOSFET (150nS delay) 

 

 

Figure 5.21 Steady state VDS with SiC-MOSFET (150nS delay) 



 
80 

 
 

 

 

The waveforms for SiC-MOSFET are different than that of Si-IGBT because of its 

higher on-resistance. When SiC-MOSFET is ON, voltage across it is simply on-resistance 

multiplied by current flowing through it. When fault occurs, current flowing through SiC-

MOSFET is trying to change voltage across it instantaneously which is not permitted by 

balancing capacitor connected in parallel with SiC-MOSFET. The capacitor takes a charging 

current which is seen as current overshoot as it crosses 160A in figure 5.19. The charging 

current slowly reduces and as a result load current also begins to reduce. The SiC-MOSFETs 

are ON the whole time before t=50.001mS and therefore as current through them increases, 

load voltage (red waveform) is seen to be falling. After t=50.001mS, the MOSFET begin to 

turn OFF and as a result current begins to fall rapidly. 

The simulations presented in this chapter show that Si-IGBT has low conduction loss 

but takes longer time (13uS) to turn OFF. On the other hand, SiC-MOSFET has higher on 

resistance which leads to higher conduction losses but it is capable of interrupting fault 

current in less than a micro-second. Given these tradeoffs, a circuit designer should carefully 

choose a semiconductor switch depending on target specifications.  

The purpose of fault current rate limiter used in 400V prototype is to prevent the 

current from going too high which otherwise could damage the semiconductor switch. It is 

clear that there is always a tradeoff between the switch current rating and amount of 

inductance required to be put in power circuitry. However, if the switch is able to interrupt 

the fault current extremely fast, the fault current is not able to rise as high as it could 

otherwise. The advantage of using a faster switch (SiC MOSFET) is that we could totally 
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eliminate the presence of external inductor (fault current rate limiter) on SSCB board. Any 

parasitic inductance of circuit would only help to reduce di/dt of fault current. 

 

5.4 Conclusions and future work 

It is seen from calculations and simulation results (presented in chapter 4) that sensor 

operating time should be less than 1uS for all current thresholds. However, hardware results 

indicate that this is not followed in case of current threshold 8.1A which is about 87% of 

final steady state fault current value. Therefore, we can conclude that current sensor response 

deviates from first order response somewhere between 59% of steady state value (5.5A) to 

87% of steady state value (8.1A). This should be treated as an important factor while 

choosing current thresholds. For a given system, steady state fault current at a given location 

can be calculated provided all loads connected to system are known. While programming 

SSCB, care should be taken to select a current threshold less than 59% of final steady state 

fault current. Another advantage of doing this is that the equations derived in chapter 4 could 

be used to predict sensor response time. 

It is seen that more than half of the total operating time is taken by micro-controller 

alone. Clearly, there is fairly good scope for improvement in total response time if a faster 

micro-controller is used. More improvement in operating time could be achieved by using 

smaller gate resistor value which would make MOSFET turn off faster. Further improvement 

could be achieved by using a silicon carbide MOSFET which have lower gate charge 

requirement.  
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While topology used in thesis gives advantages of low conduction loss and faster 

operation time, one of the drawbacks is that it does not have soft turn-on/turn-off feature 

which mean there will be some loss during switching. 
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CHAPTER 6                        

Improved PV model for faster response 

 

In this chapter a PV model is developed starting from basic equations for PV cells 

and since there is no explicit solution to it, a spreadsheet solution is adopted as described in 

[13]. Once a model is obtained for a cell, the same concept can be extended to get a model 

for a panel and consequently for an array. Finally simulations are performed to compare the 

performance of newly developed model to that of the conventional model. 

  

6.1 Model for a solar cell 

A solar cell is nothing but a p-n junction. Simplest equivalent circuit of a solar cell is 

real diode in parallel with an ideal current source. The ideal current source delivers current in 

proportion to the solar flux to which it is exposed. In practice, there is a series resistance Rs 

due to contact resistance and semiconductor resistance and a parallel resistance Rp which 

models leakage current of p-n junction. This results in more accurate model as shown in 

figure 6.1. From this model equations to calculate output voltage and current can be obtained. 

 pd
TkVq

sc RVeIII d /)1.( ./.
0 −−−=                 (6.1) 

sd RIVV .+=                    (6.2) 

pdp RVI /=                    (6.3) 
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Figure 6.1 Model of a solar cell [13] 

 

Terms used in equation 6.1 [13] and equation 6.2 [13] are explained below. 

V : Output voltage of a cell 

I : Output current of a cell 

Isc : Short circuit current of a cell 

I0 : Reverse saturation current of a cell 

Vd : Voltage across diode 

Rs : Series resistance of a cell 

Rp : Parallel resistance of a cell (leakage resistance) 

Ip : Current flowing through the parallel resistance  

T : Junction temperature 

q : Charge of an electron 

k : Boltzmann’s constant 
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A closer look at equation 6.1 reveals that output current is nothing but diode current 

with negative sign and offset by Isc and leakage current Ip. If I-V curves are plotted from 

equations 6.1 and equation 6.2 it would more or less look similar to figure 6.2. In practice,   

I-V curves can be plotted using spreadsheet analysis elaborated later in this chapter. 

 

 

Figure 6.2 I-V Characteristics of a solar cell 

 

At a given operating point, power is calculated as product of output voltage and 

output current. It is seen from the graph that output power will be maximum at point (Vm, Im) 

known as maximum power point (MPP). On either sides of MPP power will be less than that 

at MPP. 
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6.2 Solar panels and solar arrays 

A solar panel consists of a number of cells connected in series. When cells are 

connected in series, voltage across the assembly increases in direct proportion while same 

current flows through them. This means that solar panel I-V curve is an extension of solar 

cell I-V curve. Figure 6.3 shows how I-V curves for a 36 cell solar panel can be derived from 

I-V curves of a single cell.  

 

 

Figure 6.3 Deriving I-V Characteristics of a solar panel from cell I-V characteristics [13] 

 

A solar array consists of number of modules connected and series and parallel. Solar 

panels are connected in series to form what is called as a string of an array. These strings 

connected in parallel constitute a solar array.  When a number of strings are connected in 

parallel, their currents add up to give total load current. The more modules connected in 
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series, higher will be open circuit voltage and the more strings connected in parallel, higher 

will be short circuit current.  

 

 

Figure 6.4 A solar cell, PV panel and an array [13] 

 

 

Figure 6.5 Entech terrestrial solar array [14] 
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6.3 Important Factors affecting panel performance 

Two important factors which affect solar panel performance vastly are solar 

irradiation (also knows as insolation) and cell temperature. The short circuit current Isc is 

directly proportional to solar insolation. As a result there are different I-V curves for different 

insolations. As solar insolation changes during daytime operating point shifts from one curve 

to another and there is change in PV output power accordingly. Figure 6.6 shows I-V curves 

at different insolations. 

 

 

Figure 6.6 I-V Characteristics of a solar panel at different isolations [13] 

 

1000@@ *
1000 scSsc I

S
I =                  (6.4) 

Where S is the actual solar irradiation and Isc@1000 is short circuit current at 

irradiation=1000W/m2. 
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 The other important factor which affects output power is cell temperature which in 

turn is affected by ambient temperature variation and irradiation. Since solar panel efficiency 

is small (typically <20% for crystalline silicon), remaining solar energy is converted into heat 

which then increases the cell temperature. Higher cell temperature significantly reduces Voc 

(about 0.37% for crystalline Silicon) [13] but slightly increases Isc (about 0.05% for 

crystalline Silicon) [13]. The net result is that DC output power drops by 0.5% for crystalline 

silicon [13]. This is also confirmed by solar cell equations 6.1 and 6.2. Figure 6.7 shows how 

I-V curves shift as cell temperature increases from 25 degree Celsius to 75 degree Celsius.  

 

 

Figure 6.7 I-V Characteristics of a solar panel at different cell temperatures [13] 

 

To account for effect of cell temperature, manufacturers provide a nominal operating 

cell temperature (NOCT) which is cell temperature of a module when ambient is 20 degree 

Celsius, solar irradiation is 0.8kW/m2 and wind speed of 1m/s. At other conditions, cell 

temperature is calculated using following formula. 
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S
NOCT

TT ambientcell *
8.0

)20( −+=                      (6.5) 

In equation 6.4 [13], S is the actual solar irradiation. 

 

6.4 Spreadsheet analysis for calculating I-V curves 

The FREEDM systems center at NC State University has 4 solar arrays on its rooftop. 

Three of these are 12x4 arrays which means there are 4 strings in parallel and each string 

consists of 12 panels. Fourth array is of 14x3 size. Solar panels used in this system are 

REC215 AE-US. In this thesis, spreadsheet analysis is performed to develop a model for both 

kinds of arrays. 

From equations 6.1 and 6.2, it is clear that there is explicit solution for either output 

voltage V or output current I. In this case, a spreadsheet solution is a simpler way to address 

the problem. From spreadsheet calculations, V-I characteristics are plotted and are compared 

with those printed on panel datasheet. 

The spreadsheet solution for output voltage and current is obtained by incrementing 

diode voltage Vd by a small amount such as 0.001V and calculating output current I using 

equation 6.1. Then using equation 6.2, output voltage V can be calculated. Output power of a 

cell is then simply product of output voltage and output current. In order to be able to use 

equations 6.1 and 6.2, we need to know short circuit current Isc at insolation under 

consideration, dark current I0 at that insolation, cell temperature T, series resistance Rs and 

leakage resistance Rp. Isc at a given insolation is calculated using equation 6.4 and value for 
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Isc at 1000W/m2 from datasheet of REC215AE-US panels. Ambient temperature is assumed 

to be constant for all irradiations and cell temperature at give irradiation is calculated using 

equation 6.5. Dark current I0 is back calculated using equation 6.1 under open circuit 

conditions. When no load is connected at the output, load current I is zero and diode voltage 

Vd = Voc. Also, Isc at a given insolation is known from previous discussion. Putting these 

values in equation 6.1, I0 can be calculated. 

The calculations elaborated above are for a single cell and can be easily extended for 

a panel and consequently for an array. Since a solar panel is merely a series combination of 

cells, output current of panel is same as that of a cell while output voltage of panel is output 

voltage of a cell multiplied by number of cells wired in series. A 12x4 solar array contains 12 

panels in series and 4 strings in parallel so output voltage of an array will be 12 times that of 

a panel and output current of an array will be 4 times that of a panel assuming no shading of 

any panel. 

Once a spreadsheet is complete, I-V curves at different irradiations can be plotted 

using MATLAB. For REC215 AE-US panels, I-V curves plotted using spreadsheet analysis 

and that given in datasheet are as shown below. 
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Figure 6.8 I-V Characteristics of REC215 AE-US obtained using spreadsheet 

 

 

Figure 6.9 I-V Characteristics of REC215 AE-US from datasheet 

 

6.5 Development of a PV model 

Generally, a PV is modeled as a voltage dependent current source (VCCS) as 

explained in [15]. If we manipulate equations 6.1 and equation 6.2 and use appropriate values 

for PV panels used at FREEDM center at NC State University, we get 
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]009.0*}*01.0)1(*10*025.53.8{[*720 *9.3810
d

Vd
d VeVV −−−−= −            (6.6) 

}*01.0)1(*10*025.53.8{ *9.3810
d

Vd VeI −−−= −                          (6.7) 

The VCCS model measures output voltage V to back-calculate Vd and then uses 

equation 6.7 to generate output current. However, a problem with this approach is that it 

takes a number of iterations to settle to actual operating value and actual number of iterations 

required depends on value of load impedance. During the iterations, the operating point will 

oscillate around actual operating point corresponding to the load. This can be overcome by 

modeling a PV as impedance dependent current source (ICCS). This PV model measures 

impedance connected at its output terminals and uses equation 6.8 to back-calculate Vd. Then 

it uses equation 6.7 to generate output current. 

]009.0
}*01.0)1(*10*025.53.8{

[*180
*9.3810

−
−−−

= −
d

Vd
d

Ve

V
R              (6.8) 

Advantage of ICCS model is that it will take only a single iteration to reach the 

corresponding operating point. Consequently a PV emulator built using this model will have 

faster response. 

In this section, simulations are presented to show that impedance controlled current 

source model (ICCS) is faster than voltage controlled current source (VCCS) model. To 

prove this, same load step is applied to both models and results are compared. Model of a 

12x4 PV array is used for simulation and solar insolation is assumed to stay constant at 

1000W/m2. Figure 6.10 shows circuit used for simulation. 
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Figure 6.10 Simulation for PV model comparison 

 

As a result of load step applied, PV voltage should go to 331.5V from initial value 

333.3V and current should go to 31.32A from initial value 31.16A. Figures below show 

contrast between performances of two models. 
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Figure 6.11 ICCS model response 

 

Zoomed in version of above waveforms is shown in figure 6.12 where actual process 

of settling to new operating point is shown.  



 
96 

 
 

 

 

 

Figure 6.12 Zoomed ICCS model response 

 

It is seen from figure 6.12 that ICCS model reacts on the next step as soon as it sees 

change in impedance.  
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Figure 6.13 VCCS model response 

 

Zoomed in version of above waveforms is shown in figure 6.14 where actual process 

of settling to new operating point is shown.  
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Figure 6.14 Zommed VCCS model response 

 

It is seen from figure 6.14 that VCCS model takes order of magnitude longer time to 

settle to final value. As a result, a PV emulator built using ICCS model can respond much 

faster than VCCS based one. 
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