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Abstract 

     Grid-connected inverters are becoming very common with the rise of distributed 

generation and residential photovoltaic systems. The most common type of inverter used 

in these applications is a full bridge voltage source inverter (VSI); which can be either 

single-phase or three-phase. One overlooked way to improve their performance is by 

reducing harmonics caused by dead time, by compensating discontinuous conduction mode 

(DCM) caused by dead time. While compensation methods have been developed for dead 

time during continuous conduction, limitations of these methods mean DCM is not 

addressed by most. 

     This thesis work details a method to modify the command signals sent to inverter 

switching elements in the zero-crossing regions where DCM is likely to occur. The 

modified signals are able to incrementally change the duty cycle of these switching 

elements so that there is no effect from DCM; while maintaining the dead time that is 

necessary to prevent a switching overlap. This method eliminates the need for current 

polarity dependent compensation which allows DCM to be addressed. The method requires 

input measurements of current and voltage that are easily measured and fed to a digital 

signal processor (DSP), where the command signal will be calculated.  
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     The method was successfully simulated in PSim 11.0 for several switching schemes and 

tested experimentally on a 10kW single-phase wind and solar inverter for two switching 

schemes. Experimental results show that the proposed method works to reduce the output 

current total harmonic distortion (THD) in multiple different switching schemes by 

eliminating the discontinuity in the output current. Distortions that appear on the bridge 

voltage were also compensated, which is shown by simulated results.  
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Chapter 1 

Introduction 

1.1 Background 

     Distributed generation units, such as photovoltaics (PV), have the potential to offset the 

need for larger and less sustainable generation and can serve to improve grid reliability. As 

of 2015, solar power from photovoltaics had reached 2,135MW in Canada. While that only 

constitutes 0.5% of Canadian power generation capacity, it also represented a 2,344% 

increase from 2010 [1]. As PV penetration grows at a steep pace globally, strict regulations 

on their interconnection, particularly concerning power quality, are being put forth. 

Currently, distributed generation units must have no more than 5% total harmonic 

distortion (THD) in order to be permitted to provide power to the grid [2].  

     Inverters convert the direct current (DC) output produced by a PV panel to alternating 

current (AC) output, as is required by the grid. As a result, inverters are crucial to the 

operation of photovoltaic systems and to facilitating and increasing their presence on the 

grid. The quality of the power supplied by a PV system entirely depends on the inverter 

and on its control scheme.  
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     The research contained in this M.Sc. dissertation focuses on advanced controls to 

improve the total harmonic distortion of the current supplied to the grid through bridge 

inverters. The main contribution of this work is an advanced algorithm to address 

harmonics caused by dead time, which is a short delay in switching action of a switch used 

to prevent short-circuiting. The algorithm is versatile enough to be suitable for most grid-

connected inverters and is able to reduce THD regardless of switching scheme. This 

chapter will present the necessary background on grid-connected PV systems, switching 

schemes, conduction modes, and dead time. 

1.2 Grid-Connected Inverters 

     The majority of grid-connected PV installations use voltage source bridge inverters 

(VSIs); which are either single or three-phase bridge inverters. Bridge inverters are 

common and well-understood topologies for single-phase and three-phase inverters; where 

an even number of power semiconductor devices (switches), typically four or six, are 

arranged and controlled to produce the positive and negative half cycles of an AC 

waveform.  

1.2.1 Single-Phase Bridge Inverters 

     Fig. 1 shows a typical single-phase full bridge VSI. The four switches, Q1-Q4, make up 

the bridge and are controlled using various techniques to produce a sinusoidal output 

current. The voltage between points A and B is called the bridge voltage. Various 

combinations of conduction in the switches will determine the voltage at this point, as 

detailed in Table 1 where VDC is the DC supply voltage to the inverter. The inverter 
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conduction paths for each state in Table 1 are shown in Fig. 2. By averaging the nonzero 

and zero outputs, a sine wave is obtained. The output current of this inverter will be a result 

of the difference between the bridge voltage and the grid voltage, forming a current across 

the output filter inductors, L1 and L2.  

 

Fig. 1. Single-phase full bridge VSI.  

Table 1: Conduction Combinations in a Single-Phase Full Bridge VSI 

Case Q1 Q3 Q2 Q4 Bridge Voltage  

Case 1 0 0 1 1 0 

Case 2 0 1 1 0 -VDC 

Case 3 1 0 0 1 VDC 

Case 4 1 1 0 0 0 
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Fig. 2. Conduction paths and resulting bridge voltages of ideal CCM cases. 

1.2.2 Three-Phase Bridge Inverters 

     Fig. 3 shows a typical three-phase VSI. The six switches, Q1-Q6, make up the bridge 

and are controlled using various techniques to produce three sinusoidal output currents. 

Various combinations of conduction in the switches will determine the voltage at these 

points, as detailed in Table 2. The top three switches in the bridge will be directly 

controlled. The bottom switches will always take the opposite behavior of the top switch 

in the bridge leg to avoid a short circuit.  

     The voltage between points A and B, B and C, or C and A are called the bridge voltages.  

Table 2 shows the switching states and resulting voltages at these points. Vector V1 and 

vector V8 are zero vectors while the others are active, meaning the zero vectors will 

produce a voltage of zero on the bridge. As with the single-phase inverter, the output 



5 

 

currents of this inverter will be a result of the difference between the bridge voltage and 

the grid voltage, forming three-phase currents at the output.  

 

Fig. 3. Three-Phase full bridge VSI.  

Table 2: Conduction Combinations in a Three-Phase Full Bridge VSI 

Vector Q1 Q3 Q5 Q2 Q4 Q6 VAB VBC VCA 

V1 0 0 0 1 1 1 0 0 0 

V2 0 0 1 1 1 0 0 -VDC VDC 

V3 0 1 0 1 0 1 -VDC VDC 0 

V4 0 1 1 1 0 0 -VDC 0 VDC 

V5 1 0 0 0 1 1 VDC 0 -VDC 

V6 1 0 1 0 1 0 VDC -VDC 0 

V7 1 1 0 0 0 1 0 VDC -VDC 

V8 1 1 1 0 0 0 0 0 0 
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1.3 Inverter Operation 

1.3.1 Switching Schemes 

     From ample research into controlling these inverters, it is well known that their output 

can be controlled to provide high quality power using a number of switching schemes. 

While there are numerous methods used for controlling the switching of an inverter, the 

most common switching schemes are pulse width modulation (PWM) based. The PWM 

switching schemes that provide the highest quality output are sinusoidal PWM (SPWM) 

and space vector PWM (SVPWM). These switching schemes are both based on sinusoidal 

reference signals and will be the basis of this work.  

Sinusoidal Pulse Width Modulation  

     SPWM is a technique that uses one or more sinusoids compared to a triangular carrier 

signal to produce the PWM pulses that control the power semiconductor switches. Unipolar 

SPWM uses two sinusoids with a 180-degree phase difference to produce three bridge 

voltage levels (+VDC, -VDC, 0V). Bipolar SPWM uses one sinusoid to produce two bridge 

voltage levels (+VDC, -VDC). The two techniques and their resulting bridge voltages are 

shown in Fig. 4 for an example single-phase system.  
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Fig. 4. Unipolar and bipolar SPWM. 

     In both bipolar and unipolar switching, a sinusoidal reference is compared with a 

triangular carrier signal and Q1 (indicated on Fig. 1) will be on when the reference is higher 

than the carrier signal; Q2 will be the opposite. In bipolar, Q3 will take the behavior of Q2 

and Q4 will take that of Q1. In unipolar switching, another sinusoid is compared to the 

carrier signal that, for a single-phase inverter, would be a 180-degree shift of the first. Q4 

will be on when the sinusoid is lower than the carrier signal and the opposite for Q3. For 

three-phases, unipolar SPWM can be easily adapted to control each phase. There will be 

three sinusoidal references and each one will control a bridge leg (two switches) and be 

shifted 120 degrees from the others.  

     While bipolar has the advantage of only needing one sinusoidal reference signal for 

control, it also generally exhibits a higher THD. There are several reasons for this. Firstly, 

for the same switching frequency of the carrier signal, unipolar will have a current ripple 
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at double that frequency while bipolar will have a ripple at the same frequency as the carrier 

signal. This occurs because the voltage in unipolar is three-level, meaning that the 

switching will occur more frequently to put the voltage to zero in between VDC pulses. In 

bipolar, the voltage will only go between two levels. The higher frequency means the 

harmonics from switching are at higher frequencies and therefore, easier to filter. In 

addition to a smaller ripple frequency, the overall magnitude of the ripple will be higher as 

well. This is due to the bigger transition from +VDC to -VDC versus +/- VDC to 0. Since 

bipolar switches from +VDC to -VDC, rather than transitioning through 0V, two switches 

change states at a time, as per Table 1.  

Space Vector Pulse Width Modulation  

     Space vector pulse width modulation is an advanced switching scheme widely 

implemented in three-phase systems. The general principle with space vector PWM is 

based on the eight possible switching combinations presented in Table 2. Using these eight 

vectors, the output of the inverter can be controlled to produce three-phase signals. This is 

done by using a reference sinusoid and a triangular wave.  

     Using the reference, a space vector algorithm will produce three voltage reference 

levels, each between -1 and 1; these three values make up the space vector. On a circular 

coordinate system, these three values are each on their own axis spaced 120 degrees apart. 

The vector addition of the three forms the space vector as demonstrated in Fig. 5 [3]. The 

magnitude values are then compared to a triangular signal to produce the switching signal 

for each leg.  
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Fig. 5. Three vectors form a space vector. [3] 

1.3.2 Conduction Modes  

        The current conduction mode can generally take three forms: continuous, 

discontinuous, and boundary conduction. These modes are each shown in Fig. 6 (d). 

Continuous conduction mode (CCM) is the most commonly designed in inverters but the 

latter two modes can occur. Inverter output current has a triangular ripple, as a result of 

switching causing energy to build up and discharge in the inductor. Therefore, inductor 

size plays a role in determining the conduction mode. In continuous condition, the current 

ripple is less than the inductor current so the antiparallel diode is positively biased and will 

turn on when the switch is off. If the current is lower (or the ripple larger) the waveform 

may just touch the axis and this is known as boundary conduction mode (BCM). Finally, 

in discontinuous conduction mode, the ripple is greater than the inductor current allowing 

it to go to zero while the antiparallel diode is conducting. The diode then stops conducting 

and the inductor current will be zero until the next gate signal turns the switch on.  

     DCM is more likely to occur at light outputs where the current is low. Bridge converters 

are less likely to enter DCM than single switch converters, such as Flyback converters, 
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because when one switch is off another is on. Adding dead time to a converter creates a 

period where both gate controls will be off, meaning dead time may cause discontinuous 

conduction if the inductor current is sufficiently low. In inverters, the current being 

observed is AC, so the inductor current becomes low at the zero-crossings. In these regions, 

DCM is likely to occur for a realistic inverter with dead time. Nevertheless, DCM is not 

always observed in inverters. DCM occurs if the current in the inductor reaches zero during 

dead time. A larger inductor reduces this, at a cost.  

      In Fig. 6 the inverter current and voltage for a zero-crossing region are shown along 

with the unipolar control signals and switch states for each of the four switches. All three 

conduction modes, discontinuous, continuous, and boundary conduction, can be observed 

in Fig. 6. Discontinuous conduction mode can occur in different ways, as demonstrated by 

the arrows on Fig. 6 (d). The resulting bridge voltages, and how they differ depending on 

the conduction state, will be derived in Chapter 3.  
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Fig. 6. Switching states and conduction modes. 
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1.3.3. Dead Time  

     Dead time is a delay inserted between the switching off of one power semiconductor 

element and the switching on of its complement. This is inserted to avoid short-circuiting 

during switching time. As mentioned in Section 1.2, bridge inverters are designed to 

operate so that the switches on the same bridge leg behave oppositely. This means that with 

an ideal switch there would be no risk for short-circuiting, but ideal switches do not exist 

in practice. Each switch will take a small amount of time, on the order of a microsecond or 

less, to turn on and off. This creates the opportunity for conduction to overlap, as one switch 

would be turning off while the other turns on. While the switching time is quite small, 

inverters operate at high frequencies making it a risk to the safe operation of the inverter.  

     Dead time is added to every switch so that it waits a brief period, on the order of several 

microseconds, after receiving a switching on command before it begins actually switching 

on.  As switching time can change over the life of the switch and under different operating 

conditions, the dead time delay is always designed to be larger than actual switching time. 

As a result, there is some conduction loss and nonlinearities in the output signals.  

     Dead time can cause discontinuous conduction mode when the output current is near 

the zero-crossing. DCM creates nonlinearities and low order harmonics at the output of the 

inverter which compromise current control, as shown in Fig. 6 (d) [4]. Dead time causes a 

magnitude and phase error in the output voltage of an inverter [5], which increases the 

harmonics in the inverter output current. It occurs at each carrier cycle so the effect is 

proportional to the switching frequency [6]. These issues must be mitigated to effectively 

control inverters, particularly for DCM. They can be either compensated or eliminated, but 

each method is designed considering inverter structure, switching scheme, and conduction.  
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Chapter 2  

Literature Review  

     A converter may enter discontinuous conduction depending on its topology, switching 

scheme, and dead time compensating technique. Compensating dead time depends on the 

switching scheme and conduction mode. As inverters produce sinusoidal outputs based on 

the average bridge voltage during each switching period, the errors caused by dead time 

are quite different in CCM and DCM. Dead time in CCM will cause a reduced voltage 

proportional to VDC. Dead time in DCM will cause a reduced voltage proportional to the 

capacitor voltage, making the compensation more complex. Dead time causes errors in the 

output voltage produced by PWM, which then results in higher harmonics in inverter 

output current with high total harmonic distortion (THD).  

2.1 Dead Time Compensation 

     Numerous methods of compensating and eliminating the effects of dead time during 

continuous conduction exist, but less exists for discontinuous conduction. This section will 

give a literature review of what exists in the way of dead time compensation techniques for 
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both continuous conduction and discontinuous conduction modes. The need for a more 

versatile technique that can effectively address both will be highlighted by reviewing the 

existing techniques.  

2.1.1 Dead Time Elimination  

     Certain dead time elimination methods exist that eliminate the effect of dead time, 

meaning any dead time that is in excess of that required will be removed, regardless of the 

conduction mode. This is done by having very accurate information about the conduction 

state of each switch in the inverter. Sufficiently accurate information must be obtained 

using hardware added to each switch. Generally, the conduction state of a switch is 

determined in these methods by the conduction of the switch’s antiparallel diode.  

     In [7] a diode conduction detection circuit is proposed that determines the conduction 

by measuring the voltage across the diodes in the inverter. This requires two voltage 

sources per phase leg, additional diodes, and comparators. The method works by 

manipulating the switches based on the detected current direction. It has the drawback of 

only detecting the conduction at the rising edge, leading to the potential for detection error. 

In [8], this method is improved by sampling at a frequency greater than the switching 

frequency to avoid detection error and by reducing the required voltage sources by half.  

     In [9], a new phase leg configuration is proposed with an additional diode that will 

effectively prevent dead time. This method has increased complexity and higher losses. It 

is also not suitable for high power applications due to a low gate turn off voltage that cannot 

ensure the switching device is off when the other activates in high power applications. In 

[10], a new IGBT gate driver circuit is proposed to eliminate dead time by sensing the 
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conduction state of the antiparallel diode and sending the switches complementary signals. 

In [4], the ideal current signal is reconstructed for accurate current detection using the 

instantaneous back calculation of the current phase angle. The compensation terms in the 

zero-crossing region are not adjusted and rather, an average error over each cycle is used, 

meaning it cannot accurately estimate the error at the zero-crossing. Furthermore, this 

method uses a lookup table to determine the error values based on off-line experimental 

measurements since the errors depend on the device used and the load current and is not 

tested for grid-connected inverters. 

     The obvious drawback of all elimination methods is the need to make hardware 

modifications, especially with existing inverters. Doing so reduces reliability by adding 

parts, in addition to adding cost to the system. For these reasons, and because of significant 

improvements in digital signal processing, elimination methods are being used much less 

in favor of compensation methods, which are presented in the following sections on 

compensation of harmonics (advanced controllers) and compensation for duty cycle errors.  

2.1.2 Advanced Controllers 

     Some dead time compensation methods use advanced controllers to address dead time 

effects and reduce THD. In [11], a repetitive controller harmonic compensator is used to 

compensate dead time harmonics. This method requires a harmonic model to know which 

to address. It can be insufficient in addressing zero-crossing dead time due to differing 

harmonic order. Similar methods are presented in [12-16] using repetitive, multiparallel, 

or resonant controllers; but all present issues with zero-crossing dead time because noise 
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around the zero-crossing makes the harmonics difficult to determine. Furthermore, these 

methods require tuning and are designed for one specific modulation scheme.  

     In [17], a proportional resonant controller with an integral term added in parallel, to 

detect harmonics, is used to compensate dead time. It is able to reduce the THD, but not 

able to specifically address the zero-crossing discontinuous conduction. In [18], the 

average voltage error from dead time is compensated to address certain harmonics, detected 

with a second order generalized integrator (SOGI). The average error compensation will 

reduce dead time effects but does not accurately address zero-crossing as the error varies 

in this area. Papers [19-20] use disturbance observer methods to detect harmonics more 

accurately, but these methods require some hardware and effort to determine and tune 

stable parameters.  

     In [21], a selective harmonic extraction filter is used that implements an adaptive least 

means squared (LMS) phase locked loop (PLL) to compensate dead time by generating the 

third harmonic component. This method fails to fully address the zero-crossing dead time 

since it only compensates for the third harmonic. Finally, in [22] a method attempts to fully 

address zero-crossing dead time by using an integrator output to calculate the voltage error 

to be compensated in each PWM. This method is designed for motor drives only and 

requires information about the system conditions that would not be available for grid-

connected inverters, such as motor parameters, tuning observer gains, load conditions, 

training data and rotor angle [21].  

     While these methods are effective for addressing specific harmonics, they often lack 

versatility and need to be designed specifically for the application. Furthermore, some of 



17 

 

the methods fail to completely address zero-crossing dead time effects due to noise in 

current readings at the zero-crossing or their limitations to specific harmonics.  

2.1.3 Compensation for Duty Cycle Errors 

     Compensation is most often done based on a voltage or duty cycle error that is calculated 

and added to the PWM signal; this is referred to as pulse based compensation. The benefit 

of these schemes is that they have no requirement for additional circuitry and require only 

a small amount of computational effort [23-27]. Conversely, these methods are typically 

heavily dependent on current polarity to determine whether the error should be added 

(positive polarity) or subtracted (negative polarity) to/from the current. Current polarity 

detection is inaccurate around zero-crossings and with DCM [28]. For this reason, there 

have been methods for compensating the effects of dead time that are effective during 

continuous conduction but that struggle to compensate dead time in zero-crossing regions.  

     The CCM compensation techniques are designed to work for high negative or positive 

currents and detect the polarity by a standard current reading. This determines whether the 

error is added to or subtracted from the PWM signal. Section 3.1.2 will derive the average 

error over a switching cycle, which is typically used (or some variation thereof) in error 

based dead time compensation. References [22, 27, 29-32] all use this technique. These 

methods all attempt to address the issues in detecting zero-crossing in different ways.  

     In [30, 32] a virtual revolving reference frame, obtained from the Park’s transform, is 

used. In [31], a predetermined ideal sinusoidal load current with magnitude and phase set 

according to load and the fundamental voltage was used, meaning this method is not 



18 

 

designed to work in a practical application. Despite attempts to address the issues in 

detecting zero-crossing, these methods are not sufficient under DCM.  

     Some pulse based techniques investigate improving the error estimations in the zero-

crossing region. In [33], a linearly increasing/decreasing error is used rather than averaging 

the voltage error over the whole cycle. In [34], the voltage error calculation is improved 

upon by factoring in the capacitance of the switch. The method in [35] improves upon the 

error compensation by proposing seven different compensation calculations that vary 

slightly depending on the current polarity, the dead time voltage, and whether DCM is 

occurring due to dead time. While this encompasses the different errors that occur as a 

result of dead time and how they need to be compensated differently, the method does not 

address the difficulties in detecting these different conditions. As a result, the method 

becomes simplified to the two cases of positive current polarity or negative polarity.  

     A few papers actually explore dead time compensation by error calculations specifically 

in the zero-crossing region. One technique has been developed in [36-38] where the exact 

duty cycle errors of the switches are determined and used for compensation.  These three 

papers examine how the duty cycle of the switches can be compensated to remove DCM 

specifically. As a result, the method requires calculation of the ripple in each switching 

cycle and the difference between ripple peaks. These values are needed to calculate the 

duty cycle and the correction at each switching cycle. Most importantly, this method relies 

on having significant information about the conduction mode of the output current. For the 

compensation term to be selected, the method needs not only to know whether the inverter 

is in DCM or CCM but also what type of DCM is occurring (i.e. mid-ripple or peak cut 
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off). As a result, this method has not been tested experimentally and is not practical for 

application.   

     In [39], a three-phase algorithm using d-q currents is presented. When the phase angle 

of each vector comes within a range, the compensation switches into DCM mode. For this 

paper, the DCM mode compensation is linearly extrapolated between the positive and 

negative compensation terms that would be used in typical compensation, similar to [33]. 

While this method shows advancement in addressing dead time near the zero-crossings, it 

also depends on detection of the phase angle and continues to use a method that requires 

either adding or subtracting compensation, which requires knowledge of current polarity.  

The proposed method in [33] uses a linear relationship between the two extremes of the 

compensation terms. This method differs as it is designed for a single-phase inverter and 

uses a magnitude threshold to determine when to switch compensation methods rather than 

a phase threshold. Nevertheless, the linear relationship error calculation is not highly 

accurate and would, in fact, mean the compensation terms at the instant of zero-crossing 

would be zero, when in fact a dead band would exist there causing an error.  

2.2 Objectives  

2.2.1 Problem Overview 

     While dead time compensation has been addressed to some extent by the methods 

discussed above, each method has its own drawbacks that may make it difficult to 

implement or insufficient. Pulse-based compensation relies on the polarity of the current, 

limiting its usefulness in zero-crossing regions. Dead time elimination works well and is 
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versatile but necessitates additional hardware. Conduction mode compensation is able to 

work for all conduction modes but would be difficult to implement and relies on precise 

current detection. Advanced controllers used to reduce the harmonics caused by dead time 

have good performance but lack versatility as they would need tuning. A simply 

implemented, widely-applicable method that can compensate dead time in continuous and 

discontinuous conduction has yet to be developed. 

2.2.2 Research Objective 

     The objective of the research for this M.Sc. degree was to develop a compensation 

method that compromises between the need for precision compensation of dead time and 

wide applicability in its application and functionality. The method works efficiently with a 

current controller and reduces the computational burden of existing methods. The resulting 

method for CCM and DCM is more widely applicable to PWM switching schemes for 

bridge inverters. 

2.2.3 Organization of Dissertation 

     In Chapter 3 of this dissertation, the research methodology will be presented: Section 

3.1 will derive the proposed compensation technique, Section 3.2 will verify the proposed 

technique using PSim 11.0 (a power converter simulation software), and Section 3.3 

summarizes the findings of Chapter 3.  Chapter 4 will present experimental results on 

single-phase inverter setups. Finally, Chapter 5 will present conclusions, major 

contributions, and future work.  
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Chapter 3 

Research Methodology 

3.1 Compensation 

     The principle of the proposed compensation technique is to base compensation off of 

the absolute magnitude of the output current, rather than attempting to accurately detect 

the polarity of the current. The method is intended to produce similar, but improved, results 

over traditional duty cycle based compensation techniques. The advantage of this method 

is that by detecting the current magnitude, issues surrounding polarity detection are 

eliminated. Rather, a threshold for the current is used that can be easily detected and is not 

highly dependent on accuracy in detection.  

     The required dead time compensation varies with conduction mode. By assuming a 

threshold of the magnitude, where the inverter will begin to experience DCM, the 

compensation can be switched over to DCM compensation without detection issues. Above 

that threshold, CCM compensation can be used. Furthermore, the compensation in this 

technique is based on changing the magnitude of the sinusoidal current command and not 
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the duty cycle. There is no need to determine if the compensation needs to be added or 

subtracted from the duty cycle since the duty cycle is not determined by the controller, as 

per the PWM strategy.  

     The threshold for where the current may enter DCM is the current ripple. With a current 

magnitude greater than the current ripple there is no chance of entering DCM. The 

derivation for the current ripple and the voltage errors will be presented in Sections 3.1.1 

and 3.1.2, respectively. In Section 3.1.3 the full algorithm will be explained.  

3.1.1 Current Ripple  

     The output current of the inverter will flow through the filter inductors, as depicted in 

Fig. 7. Equation (1) represents the voltage difference, VL, across the inductor, L, (L = L1 

+ L2) in terms of the time derivative of the current, iL. The derivative of the current is 

simply the change in current with respect to time, and (1) can be rearranged as (2); where 

ΔiL is the change in current over the time period, Δt is the time period, VDC is the DC input 

voltage to the inverter, and VGRID is the voltage at the grid side. The voltage across the 

inductor, VL, is the difference between VBRIDGE and VGRID.   

 

Fig. 7. Current traveling through the output inductor. 

𝑉𝐿 = 𝐿
𝑑𝑖𝐿

𝑑𝑡
 

(1) 
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∆𝑖𝑙 =
(𝑉𝐷𝐶 − 𝑉𝐺𝑅𝐼𝐷)∆𝑡

𝐿
 

(2) 

     The remaining element to be determined, Δt, can be derived from Fig. 8. The change in 

time during the current ripple is simply the duty cycle, D, at that point multiplied by the 

switching period, T. This results in (3), which will be used to calculate the current threshold 

for entering DCM. The output voltage, VBRIDGE, is +VDC from the circuit diagram, the 

inductance, L, is known, and the period is known. To obtain a threshold value, assumptions 

will be made for VGRID and the duty cycle, which will be discussed in Section 3.1.3.  

 

Fig. 8. Change in current with respect to time. 

∆𝑖𝑙 =
(𝑉𝐷𝐶 − 𝑉𝐺𝑅𝐼𝐷)𝐷𝑇

𝐿
 

(3) 

3.1.2 Voltage Errors 

     Operation of the bridge switches determines what the bridge voltage will be, and this 

will determine both the value and the conduction mode of the output current. The main 

disruption to normal operation that an inverter switch encounters is dead time. Dead time 
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causes DCM at zero-crossings and a reduction in voltage magnitude in other regions. To 

understand the effects of dead time, the voltage errors caused in each case can be derived. 

     There are four cases of discontinuous conduction which occur near the zero-crossings; 

two occur when the current is ascending and two when it is descending. These distortions 

can be either a discontinuity causing a dead band mid-ripple or a discontinuity causing a 

flat peak on the ripple.  Dead time occurring during continuous conduction will also change 

the output of the bridge voltage, but it will be less noticeable in the current waveforms. In 

this section, these voltage errors will be derived for a unipolar switching scheme; which 

also applies to SVPWM. In [36], the derivations for a bipolar scheme are shown.  

Voltage Error in CCM 

     The simplest voltage error is the continuous conduction case. During dead time, there 

is a period where only one switch is on. The bridge voltage will vary depending on the 

inductor charge. The CCM region sees either a positive or negative output current that is 

high enough to prevent a complete discharge of the inductor. By not having the inductor 

completely discharge, the switches are still able to conduct thought their antiparallel 

diodes, allowing current to circulate in the circuit. For example, say the inverter is operating 

in CCM and transitions from Case 1 to Case 3 (recall Table 1). During the transition, Q2 

will turn off and Q1 will turn on following a delay of td. During this delay, only Q4 is on. 

The circuit will be as shown in Fig. 9, resulting in a voltage of zero on the bridge. This 

reduces the bridge voltage magnitude by a ratio of td/T, where T is the switching period.  
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Fig. 9. Dead time during continuous conduction.  

     The reduced bridge voltage magnitude can be compensated by adding or subtracting the 

reduction from the duty cycle or voltage appropriately, as discussed in Section 2.1.1.  The 

error voltage would need to be added during the positive half cycle and subtracted during 

the negative half cycle. Such a compensation for the voltage error will make the pulse width 

larger. This error voltage, ΔV, is calculated in (4). Note that for bipolar switching, the error 

voltage is twice that in (4).  

∆𝑉 = 𝑉𝐷𝐶

𝑡𝑑

𝑇
 

(4) 

Voltage Errors in DCM 

     In DCM, the derivation of the voltage errors becomes more involved. The interruption 

in conduction has a more complex effect on the voltage. If dead time is encountered at a 

zero-crossing, the conduction in the circuit will cease until the next gating signal. As with 

CCM, this causes a reduction in voltage magnitude, but it also leaves a period of 

discontinuity in the current. The resulting bridge voltage is not zero as it was in CCM. 

Rather the bridge voltage is the voltage at the grid side capacitor, which will be equivalent 

to the instantaneous grid voltage. To explain why this is, the circuit diagrams as the inverter 

enters discontinuous conduction need to be analyzed.  
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     As with CCM, only one switch will conduct during dead time and the other, which 

would otherwise be on, will be left to conduct current only through its antiparallel diode. 

In low current regions, where there is not sufficient current charged in the inductor, the 

current will go to zero and the antiparallel diodes cannot conduct. The DC voltage source 

is no longer connected to the bridge. The bridge will instead be in parallel with the output 

capacitance. The bridge voltage, VBRIDGE, will be equal to the capacitor voltage, which is 

parallel to the grid voltage, VGRID.   

     In Fig. 10 the inverter output current and DCM bridge voltage pulses are shown for the 

two descending current cases of DCM along with a CCM case for comparison. The 

corresponding circuit diagrams are presented in Fig. 11. In the mid-ripple case, the inverter 

current is low and is nearing a zero-crossing. The switches Q2 and Q4 are conducting the 

voltage is 0V. Switch Q4 turns off and there is a dead time delay before Q3 turns on. During 

this time, only Q2 is conducting as depicted in Fig. 11 (a) and the voltage is -VDC. The 

current in the inductor completely discharges and the switches and antiparallel diodes can 

no longer conduct. The circuit becomes that shown in Fig. 11 (b) with a bridge voltage of 

VGRID. Switch Q4 then turns on and Q2 and Q3 both begin conduction, allowing the voltage 

to be -VDC, as was presented in Fig. 2 (b).  

     In the flat peak case, Q1 and Q3 are conducting and the bridge voltage is 0V. Switch 

Q1 turns off and there is a delay before Q2 turns on, leaving only Q3 enabled. Since there 

is no current charged in the inductor to begin with, the switches and antiparallel diodes 

cannot conduct. The circuit here will go directly to that in Fig. 11 (b) and the voltage will 

be VGRID. Finally, Q2 turns on and both Q2 and Q3 conduct allowing the voltage to be          

-VDC. By having two switches active conduction will resume.  
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Fig. 10. DCM cases.  

 

Fig. 11. Inverter circuits entering dead time.     

      As can be observed from Fig. 10, both DCM voltage errors occur as a reduction in 

voltage from -VDC to VGRID. These are similar to (4), but will not occur for exactly the ratio 

of the dead time over the switching period. The time it takes the inductor to discharge is a 

factor in the error voltage, as explained above with the circuit diagrams. The error 

calculation will, therefore, depend on the difference between the dead time and the time to 

discharge the inductor. From [36], the time to discharge the inductor, tdis, can be calculated 

as in (5), where the parameters are measured at the instant the switch turns off. Equation 
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(6) shows the voltage error, ΔV, for the mid-ripple DCM case, where VDC is the DC input 

voltage to the inverter, VGRID is the grid side voltage, td is the dead time, and T is the 

switching period.  

𝑡𝑑𝑖𝑠 =
|𝑖𝐿|𝐿

(𝑉𝐷𝐶 − 𝑣𝐺𝑅𝐼𝐷)
 

(5) 

∆𝑉 = (𝑉𝐷𝐶 − 𝑣𝐺𝑅𝐼𝐷)
𝑡𝑑 − 𝑡𝑑𝑖𝑠

𝑇
 

(6) 

     The final voltage error to derive is for the flat peak case. From Fig. 10, one can see that 

these cases are actually quite similar, less a small extra pulse in the mid-ripple case. The 

width of this pulse is actually the discharge time, making the ratio it needs to be multiplied 

by the discharge time over the switching period. The equation for the voltage error, in this 

case, will be the sum of (6) and this spike, as shown in (7). In (7), ΔV is the voltage error, 

VDC is the DC input voltage to the inverter, VGRID is the capacitor voltage, td is the dead 

time, and T is the switching period.   

∆𝑉 = (𝑉𝐷𝐶 − 𝑣𝐺𝑅𝐼𝐷)
𝑡𝑑 − 𝑡𝑑𝑖𝑠

𝑇
+ 𝑉𝐷𝐶

𝑡𝑑𝑖𝑠

𝑇
 

(7) 

     A couple of points should be made about the variable tdis calculated in (5). Firstly, 

measuring the variables, such as current and VGRID, accurately at the exact instant of the 

switch turning off could prove difficult and burdensome as it would need to be done at each 

switching cycle. Moreover, the time to discharge the inductor in this region is quite small, 

and it is much smaller than the dead time delay itself. Reference [36] derives the bipolar 

voltage errors using the discharge time. This means the method requires knowledge of what 

type of DCM is occurring to compensate for it. While algorithms that compensate the duty 

cycle would require this information to perform DCM compensation, this algorithm 
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compensates the magnitude. As a result, the approximation of the error is sufficient. Since 

the discharge time is small in comparison to the dead time delay, it will be neglected in the 

compensation method presented here. Neglecting the calculation of tdis works in the interest 

of designing an algorithm that is practical and versatile to implement. Furthermore, by 

neglecting this, (6) and (7) will be the same and can be simplified to the approximated error 

for both DCM cases in (8). This simplifies the computations required by the processor to 

use this method, making it practical in a real inverter system.   

∆𝑉 = (𝑉𝐷𝐶 − 𝑣𝐺𝑅𝐼𝐷)
𝑡𝑑

𝑇
 

(8) 

3.1.3 Compensation Algorithm 

     In the proposed technique, a reading of the output current is evaluated against a 

threshold current value. The current above the threshold is continuous, while below there 

is the potential for it to be discontinuous. Above the threshold, the magnitude is 

compensated using the CCM voltage error and below it is compensated using the DCM 

voltage error. The effect is a constant compensation in the CCM region and an incremental 

increase to the magnitude command in the DCM region. Essentially, incremental changes 

are made to the magnitude once it becomes below a certain value so that the effect of DCM 

on the voltage and current is compensated.  

     The threshold is calculated based off of (3). There are two variables in this equation: D 

and VGRID. In the interest of simplicity and making the threshold a constant value, 

assumptions will be made for these values. The peak value for VGRID will be used and a 

duty cycle of 0.5. These values would likely be higher than what would be encountered 
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near the zero-crossing but ensure that the threshold will be high enough to be easily 

detectable and that the DCM compensation will begin at an appropriate time. 

     Equations (4) and (8) show the voltages error terms to be used in the CCM and DCM 

compensations, respectively. These voltage errors can be normalized to duty cycle errors 

by dividing by VDC as in (9) and (10). Equation (10) can then be further manipulated to 

current compensation based off of the duty cycle error, as shown in (11) where Ipeak is the 

peak magnitude of the current command and Iout is the measured current. 

     Reference [34] explains how dead time errors are not actually constant over a half cycle, 

as was traditionally approximated and used for compensation. Rather, these errors can vary 

according to the output current ripple, as a result of the effects of parasitic capacitance in 

the IGBTs. As the current magnitude becomes larger so does the ripple and the error 

decreases. Contrarily, the low current areas, with smaller ripple, will have a larger error. 

To address this, the term taking the difference of the peak current value to the measured 

value is added. This will ensure the compensation is inversely proportional to the 

magnitude of the current. The entire compensation term is then multiplied by the peak 

current value and added to the current command magnitude, according to its conduction 

mode. The full algorithm is explained by the flowchart shown in Fig. 12.  

∆𝐷𝐶𝐶𝑀 =
𝑡𝑑

𝑇
 

(9) 

∆𝐷𝐷𝐶𝑀 =
(𝑉𝐷𝐶 − 𝑣𝐺𝑅𝐼𝐷)

𝑉𝐷𝐶

𝑡𝑑

𝑇
 

(10) 

𝐼𝐷𝐶𝑀𝑐𝑜𝑚𝑝𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛 = (𝐼 − |𝑖(𝑛 − 1)|)
(𝑉𝐷𝐶 − |𝑣𝐺𝑅𝐼𝐷(𝑛 − 1)|)

𝑉𝐷𝐶

2𝑡𝑑

𝑇
 

(11) 
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Fig. 12. Flowchart of the proposed algorithm. 

     The proposed new algorithm for compensating dead time uses existing knowledge of 

voltage errors caused by dead time to approximate a magnitude adjustment that can be 

more easily implemented than voltage or duty cycle compensation. Since this method 

works by adjusting the magnitude of the current command, rather than a duty cycle, it has 

several advantages. First, the method does not require information about the current 

polarity. The proposed method only needs a measurement of the magnitude and does not 

require this measurement to be overly precise. This facilitates the compensation of DCM. 

Secondly, the compensation is suitable for any sinusoidal command signal, making it 

usable with different switching schemes and topologies. Finally, as the compensation is 

approximated and not precisely obtained, fewer measurements and computation are 
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required to implement this technique making it viable for experimental use. The method 

was tested using simulations and laboratory experiments to verify these advantages.  

3.2 Simulations 

     To confirm both the functionality and the versatility of the proposed technique, various 

configurations and switching techniques of grid-connected inverters were simulated in 

PSim 11.0. These configurations include single-phase and three-phase grid-connected 

inverters. The single-phase inverter was simulated with unipolar SPWM and bipolar 

SPWM switching techniques. The three-phase inverter was simulated with unipolar 

SPWM and SVPWM switching techniques.  

3.2.1 Single-Phase Bridge Inverter with Unipolar SPWM 

     The functional block diagram of a single-phase grid-connected inverter with unipolar 

switching is shown in Fig. 13. The parameters used in this inverter are shown in Table 3 

and the equations for the DC voltage and current controllers are provided in (12) and (13), 

respectively. This model closely matches with the existing PV inverter system located in 

UNB’s Sustainable Power Research Lab that will be used to verify these results 

experimentally in Chapter 4. The single-phase inverter has a DC voltage controller, DC-

DC buck-boost converter, digital current control, a full bridge switching configuration, and 

an LCL output filter.  
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Fig. 13. Functional blocks of the single-phase bridge inverter. 

Table 3: Single-Phase Model Parameters 

Variable Value Description 

VDC 380VDC Input voltage (stepped from 390 with DC-DC converter) 

td 4.8µs Dead time 

ts 0.5µs Approximate switching time 

fs 10kHz Inverter switching frequency (T = 1/fs) 

fs(VDC) 15kHz DC-DC converter switching frequency  

L1, L2 0.8mH Output filter equivalent inductance 

C 10µF Output filter capacitance 

Q IGBT Power semiconductor switching element 

Vgrid 240VRMS 60Hz Grid voltage and frequency 

 

𝑃𝐼 = 1.2 +
0.72

𝑠
 

(12) 
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𝐻(𝑧) =  
24 + 6𝑧−1

1 + 0.5𝑧−1
 

(13) 

     The inverter circuit was simulated in four different scenarios: the ideal case with no 

dead time, the uncompensated case with dead time, using the traditional duty cycle based 

compensation, and using the proposed new technique for magnitude based compensation.  

These four cases give a good representation of the improvement possible from 

compensation based on magnitude. While duty cycle compensation is able to address dead 

time effects in the positive and negative current regions effectively, it is unable to perform 

near the zero-crossings or in DCM. Magnitude compensation works the same as the duty 

cycle compensation in the positive and negative regions while continuing to perform in the 

zero-crossing and DCM regions.   

     The performance of the proposed technique is confirmed for unipolar switching on a 

single-phase inverter in Fig. 14, where the inverter output currents for each of the four 

cases are shown. In Fig. 14 (a) the ideal (no dead time) waveform is shown with a 4.26% 

THD that results from the inverter switching causing an output current ripple. In Fig. 14 

(b) the output with no compensation for a 4.8µs dead time is shown to have a 7.59% THD. 

The traditional compensation technique, which is currently used in the test inverter, is 

shown in Fig. 14 (c) with an improvement of 1.82% to 5.77% THD. Finally, the proposed 

method is shown in Fig. 14 (d) where a further 0.77% improvement is made possible to 

bring the THD to 5.00%.  Furthermore, this improvement is visible in the waveform of (d) 

where the waveforms were highly distorted at the zero-crossing in Figs. 14 (b) and (c).  

     Recall that the variable Tdis was excluded in the proposed compensation. To verify that 

there is no significant impact from this exclusion, a simulation was run with (6) used in the 
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place of (8). This means that effectively, the proposed compensation from (8) was used 

with tdis added. The difference in the output current THD was an improvement of less than 

0.1%, which is not significant enough to merit including the tdis calculation. 

 

Fig. 14. Inverter output currents for single-phase bridge inverter with unipolar switching. 

     The harmonic spectrums of the four currents are shown in Fig. 15 for the first 20 

harmonic frequencies. A clear improvement in the third harmonic component is shown 

from Fig. 15 (b) to (c) and a further improvement from Fig. 15 (c) to (d). The THDs for all 

four cases are presented in Table 4. 
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Fig. 15. Inverter output current harmonic spectrums for single-phase bridge inverter with 

unipolar switching. 

Table 4: Unipolar Inverter Output Current THD Measurements  

THD for Each Simulation Case THD (%) 

Ideal case (a) 4.26 

No compensation (b) 7.59 

Duty Cycle compensation (c) 5.77 

Proposed compensation (d) 5.00 

     The bridge voltage, between points A and B in Fig. 1, will also be affected by dead time. 

Distortion of the bridge voltage results in distortion of the output current. In practice, 

observing these voltage pulses requires that the load (the grid connection) be disconnected. 

Were the grid to be left connected to the inverter bridge, the voltage observed would be the 
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gird voltage - a sinusoidal waveform. Disconnected the grid results in there being no output 

current. While the voltage pulses can be observed, the conduction mode differences will 

not take effect and the distinct errors on the bridge voltage that occur as a result of DCM 

cannot be observed. In the simulation, these distortions are visible due to the way it 

calculates voltage at each point, essentially calculating from left to right on the model. A 

voltage measurement taken across the bridge in the simulation will show the pulses from 

the left-hand side rather than the sinusoidal signal on the right-hand side.  

     In unipolar switching, the bridge voltage will switch between +/- VDC and 0V. The 

bridge voltage is affected differently if DCM occurs at a peak in the ripple or mid-ripple. 

The ideal case for this is shown in Fig. 16 (a). In Fig. 16 (b), several types of distortions 

occur. There are distortions where the voltage is +/-VDC and then rather than going directly 

to zero, it becomes equal to the capacitor voltage, VGIRD, and then zero. Another distortion 

occurs where a VDC pulse briefly drops to VGRID before going back to VDC. Finally, a pulse 

occurring in the opposite polarity also occurs. In Fig. 16 (c) these distortions are not 

mitigated and rather, there is a larger pulse in the opposite polarity; making them slightly 

worse. In Fig. 16 (d), the bridge voltage distortions are effectively compensated and the 

pulses appear similar to the ideal case.  
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Fig. 16. Inverter bridge voltages for single-phase bridge inverter with unipolar 

switching. 

3.2.2 Single-Phase Bridge Inverter with Bipolar SPWM 

     The single-phase inverter was again simulated for four different scenarios, but this time 

using bipolar SPWM switching. It is confirmed in these simulations that the proposed 

technique has the potential to be suitable for bipolar switching as well as unipolar switching 

with no necessary adjustments; fulfilling the objective of being versatile for single-phase 

use.  

     Despite proving an effective compensation technique, it should be noted that the THD 

for all cases is higher with bipolar switching, as discussed in Section 1.3.1. The output 

current is a direct result of the difference between the average bridge voltage over a cycle 

and the grid voltage. In an attempt to produce similar results for the no dead time case, the 
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output inductance has been increased in this model to 2mH per inductor.  Furthermore, the 

switching frequency is doubled to 20kHz to bring the results of the simulation closer to 

what results for unipolar. In Appendix A, simulated results for bipolar switching with all 

the same parameters as those used for unipolar are provided, for comparison. 

     In Fig. 17 (a) the ideal waveform is shown with a 3.54% THD that results from the 

inverter switching causing an output current ripple. In Fig. 17 (b) the output with no 

compensation for a 4.8µs dead time is shown to have a 14.0% THD. The traditional 

compensation technique is shown in Fig. 17 (c) with an improvement to 11.53% THD. 

Finally, the proposed method is shown in Fig. 17 (d) where further improvement brings the 

THD to 9.70%.  The distortions around the zero-crossing have become visibly smaller in 

Fig. 17 (d) but the effects have not been entirely mitigated. The most significant 

contribution to the high THD lies outside of the zero-crossing/DCM region.  
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Fig. 17. Inverter output currents for single-phase bridge inverter with bipolar switching. 

     The harmonic spectrums of the four currents are shown in Fig. 18 for the first 20 

harmonic frequencies. A clear improvement in the third harmonic is shown mainly in Fig. 

18 (d). The fundamental frequency is increased in Fig. 18 (c) and Fig. 18 (d) compared to 

Fig. 18 (b), where it is notably lower than the ideal case in Fig. 18 (a). The improvement 

in Fig. 18 (d), however, does not reach the full value of Fig. 18 (a). The THDs of the 

proposed compensation and the other three cases are detailed in Table 5. 



41 

 

 

Fig. 18. Inverter output current harmonic spectrums for single-phase bridge inverter with 

bipolar switching. 

Table 5: Bipolar Inverter Output Current THD Measurements 

THD for Each Simulation Case  THD (%) 

Ideal case (a) 3.54 

No compensation (b) 14.00 

Duty Cycle compensation (c) 11.53 

Proposed compensation (d) 9.70 

     The bridge voltages for each case in the zero-crossing region are shown in Fig. 19. In 

bipolar switching, the bridge voltage will switch between +/- VDC and should not be 0V at 

any point, unlike in unipolar. The ideal case for this is shown in Fig. 19 (a). In Fig. 19 (b) 

there are numerous distortions where the voltage is much less than +/- VDC for a period of 



42 

 

time. There is no significant mitigation of these distortions in Fig. 19 (c), but in Fig. 19 (d) 

several of these distortions are mitigated. As the algorithm is an approximation of the 

required compensation, it is likely this is why not all bridge voltage issues were mitigated. 

 

Fig. 19. Inverter bridge voltages for single-phase bridge inverter with bipolar switching. 

3.2.3 Three-Phase Bridge Inverter with Unipolar SPWM 

     A three-phase grid-connected inverter with unipolar switching was modeled following 

[40]. The implementation of this system differs from the single-phase model in that it 

makes use of a novel controller from [40] and uses the Park’s transformation to obtain d-q 

currents. The parameters used in this inverter are shown in Table 6. The three-phase 

inverter has a DC voltage controller, digital current control, a full bridge switching 

configuration, and an LC output filter.  
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Table 6: Three-Phase Model Parameters 

Variable Value Description 

VDC 380VDC Input voltage (stepped from 390 with DC-DC converter) 

td 4.8µs Dead time 

ts 0.5µs Approximate switching time 

fs 10kHz Inverter switching frequency (T = 1/fs) 

fs(VDC) 15kHz DC-DC converter switching frequency  

L 1.8mH/phase Output filter equivalent inductance 

C 10µF/phase Output filter capacitance 

Q IGBT Power semiconductor switching element 

Vgrid 240VRMS 60Hz Y configured grid voltage and frequency 

      

     The three-phase inverter was simulated for the same four different scenarios as in the 

single-phase inverter. Unipolar SPWM switching is commonly used for three-phase 

inverters. The intention is to confirm that the proposed technique has the potential to work 

in both single-phase and three-phases, both of which are commonly connected to the grid. 

It is confirmed in these simulations that the proposed technique is suitable for three-phases 

with no necessary adjustments, fulfilling the objective of being useful for typical grid-

connected inverters.  

     Again, it is necessary to make some notes about the effect of the configuration on THD. 

Three-phase currents have an impact on one another, as they are interconnected and do not 

operate independently. Therefore, the effects of a dead time in one phase will be observed 

in the others, increasing the THD.   
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     In Fig. 20 (a) the ideal three-phase waveforms are shown, each with a 4.17% THD. In 

Fig. 20 (b) the outputs with no compensation for a 4.8µs dead time are shown to have THDs 

ranging from 7.26% – 7.63%. The traditional compensation technique is shown in Fig.20 

(c) with THDs ranging from 6.40% – 6.46%. Finally, the proposed method has THDs 

ranging from 6.15% - 6.22%, as shown in Fig. 20 (d).  The distortions around the zero-

crossing have become visibly smaller in Fig. 20 (d), as have some distortions outside this 

region. This is a result of each phase current affecting the others; an improvement in one 

improves the others.  

 

Fig. 20. Inverter output currents for three-phase bridge inverter with unipolar switching. 

     The harmonic spectrums of the four currents are shown in Fig. 21 for the first 20 

harmonic frequencies. A significant improvement in the third harmonic is shown only in 

Fig. 21 (d). The fundamental frequency is only slightly increased in Fig. 21 (c) and Fig. 21 
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(d) compared to Fig. 21 (b), where it is not much lower than the ideal case in Fig. 21 (a). 

The THDs for the four cases are detailed in Table 7. 

 

Fig. 21. Inverter output current harmonic spectrums for phase A of a three-phase bridge 

inverter with unipolar switching. 

Table 7: Three-Phase SPWM Output Current THD Measurements 

THD for Each Simulation Case 
THD (%) 

Phase A Phase B Phase C 

Ideal case (a) 4.17 4.17 4.17 

No compensation (b) 7.63 7.26 7.47 

Duty Cycle compensation (c) 6.43 6.46 6.40 

Proposed compensation (d) 6.15 6.22 6.20 
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     The bridge voltages for each case in the zero-crossing region are shown in Fig. 22. There 

are no significant distortions in any of the cases. Three-phase inverters experience a 

different impact from the dead time where the ripple becomes much larger around the zero-

crossing, causing the distortion. There is no distinct dead band, where the current stays at 

zero for a period of time because the polarity of the circuit is maintained by the other 

phases. The results in less observable bridge voltage issues.  

 

Fig. 22. Inverter bridge voltage (phase A to B) for three-phase bridge inverter with 

unipolar switching. 

3.2.4 Three-Phase Bridge Inverter with SVPWM 

     In addition to SPWM switching techniques, three-phase inverters can be controlled 

using SVPWM. This technique works effectively for grid-connected inverters. In Fig. 23 

(a) the ideal three-phase waveforms using SVPWM are shown, each with a 3.40% THD. 
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In Fig. 23 (b) the outputs with no compensation for a 4.8µs dead time are shown to have 

THDs ranging from 10.2% – 10.3%. The traditional compensation technique is shown in 

Fig. 23 (c) with THDs ranging from 8.98% – 9.19%. Finally, the proposed method has 

THDs ranging from 8.64% – 8.69%.  The distortions around the zero-crossing have become 

visibly smaller in Fig. 23 (d), as have some distortions outside this region. As in the other 

three-phase configuration, this is a result of each phase current affecting the others; an 

improvement in one improves the others.  

 

Fig. 23. Inverter output currents for three-phase bridge inverter with SVPWM switching. 

     The harmonic spectrums of the four currents are shown in Fig. 24 for the first 20 

harmonic frequencies. The compensation has an observable effect on the fundamental 

frequency. The fundamental frequency is increased in Figs. 24 (c) and (d). The fifth 

harmonic is the most significant. The THDs for the four cases are detailed in Table 8. 
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Fig. 24. Inverter output current harmonic spectrums for phase A of a three-phase bridge 

inverter with SVPWM switching. 

Table 8: Three-Phase SVM Output Current THD Measurements 

THD for Each Simulation Case 
THD (%) 

Phase A Phase B Phase C 

Ideal case (a) 3.40 3.40 3.40 

No compensation (b) 10.30 10.22 10.20 

Duty Cycle compensation (c) 9.19 8.98 9.04 

Proposed compensation (d) 8.64 8.69 8.66 
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     The bridge voltages for each case in the zero-crossing region are shown in Fig. 25. There 

are two extra pulses in the negative direction in Fig. 25 (b), (c), and (d). These were not 

mitigated as both compensation techniques work by increasing a command, which would 

drive the current to be steeper at the zero-crossing.   

 

Fig. 25. Inverter bridge voltage (phase A to B) for three-phase bridge inverter with 

SVPWM switching. 
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Chapter 4 

Experimental Verification  

     Simulation results have shown that this method can compensate dead time in single-

phase and three-phase inverters with various switching schemes, including SPWM and 

SVPWM. Experimental results will be presented in this chapter to verify that the method 

works in a physical inverter. Experimental testing was conducted on a single-phase full 

bridge inverter. Unipolar and bipolar SPWM are tested in the experiment.  

4.1 Experimental Setup 

     This experiment was conducted on a 10kW single-phase wind and solar inverter using 

a Texas Instruments TMS320F28335 digital signal processor (DSP). Compensation for 

both conduction modes is done in the interrupt service routine, which is programmed in 

the C language. The inverter system diagram is presented in Fig. 26 with system parameters 

in Table 9. The model used in Chapter 3 was designed to replicate the experimental inverter 

as closely as possible and the main system parameters are the same. The control scheme is 

the same as in Chapter 3 with the controllers from (12) and (13) being used. The 
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experimental setup is pictured in Fig. 27 with the grid simulator, DC generator, DSP 

programming interface, and the 10kW single-phase inverter. A LeCroy Wavesurfer 

200MHz oscilloscope was used to collect the waveforms presented in this section. A Fluke 

power quality analyzer was used to obtain THD readings and harmonic spectrums.  

Table 9: Important System Parameters 

Rated Power 10kW 

Input DC Voltage 390V 

Grid Side Voltage 240VRMS (60Hz) 

Inverter Switching Frequency  10kHz 

Buck-Boost Converter Switching Frequency 15kHz 

Filter Inductances (L1, L2) 0.8mH 

Filter Capacitance (C) 10µF 

IGBT Dead Time  4.8µs 
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4.2 Unipolar Experimental Results 

     Unipolar switching was tested on the single-phase inverter with the existing dead time 

compensation and with the newly proposed method. In contrast to the simulated results, 

there are only two cases to compare rather than four. This is because the no dead time case 

would be unsafe to test. The uncompensated case can be tested, but due to the controller 

configuration the operation falls outside the duty cycle limits and the results are 

meaningless. Nevertheless, the main objective of this section is to confirm that the 

improvement beyond the traditional compensation compares to that obtained in the 

simulations of Chapter 3. The inverter was operated at 3kW with a peak output current of 

20A, as in the simulation results of Chapter 3.  

     The current waveform for the inverter with the traditional pulse based compensation is 

presented in Fig. 28 (a) and the waveform with the proposed compensation is in Fig. 28 

(b). The THD improvement with the added proposed compensation is over 1%. This result 

matches closely with the simulated case where the improvement was 0.77%. The increase 

in the improvement is expected because in the simulated case, the ability to detect the 

current polarity would be better than the true experimental ability, therefore making the 

performance of the traditional pulse based compensation better. Most importantly, the dead 

band and zero-crossing distortions of Fig. 28 (a) are mitigated in Fig. 28 (b) for the 

experimental testing, which is the main motivation for this work. 
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Fig. 28. Inverter output currents with unipolar switching. 

     The current harmonic spectrums are presented in Fig. 29. A clear reduction in the third 

and fifth order harmonics can be seen with the proposed compensation. Furthermore, the 

DC component is eliminated. Both THD readings are lower than those from the simulated 

cases, simply because the physical meter does not read to as high a frequency as the 

simulation software. Distortions beyond 51st are not considered in THD readings 

according to IEEE standards [41]. Fig. 30 is included to give a more detailed look at the 

harmonic spectrums. Here, it is clear that while the third and fifth order harmonics are 

reduced, they are not eliminated as Fig. 29 may imply.  

 

Fig. 29. Experimental output current THD readings and harmonic spectrums. 
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Fig. 30. Harmonic spectrums obtained through LeCroy Wavesurfer oscilloscope. 

     Additional experimental results on the unipolar single-phase inverter system are 

presented in Figs. 31-34. These results verify the inverter sees the same benefits as those 

presented above when operated at different power levels. In Figs. 31 and 32 the inverter is 

operating at 1.5kW. As expected, the THD goes up with lower currents but there is a 

consistent improvement in the THD when the proposed technique is compared with the 

existing duty cycle compensation. In Figs. 33 and 34 the inverter is operating at 2.2kW. 

Again, there is an improvement in the THD, harmonic spectrum, and current waveforms 

when the existing compensation is contrasted with the proposed case.   

 

Fig. 31. Inverter output currents with unipolar switching and 10A peak current. 
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Fig. 32. Output current THD readings and harmonic spectrums with 10A peak current. 

 

Fig. 33. Inverter output currents with unipolar switching and 15A peak current.  

 

Fig. 34. Output current THD readings and harmonic spectrums with 15A peak current. 
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4.3 Bipolar Experimental Results 

     Bipolar switching was tested on the single-phase inverter with the existing dead time 

compensation and with the new proposed method. The inverter is again operated at 3kW 

with a peak output current of 20A. As with the simulated results, it is expected that the 

THDs will be higher with bipolar switching due to the differences in their realized 

switching frequency.  

     The current waveform for the inverter with the traditional pulse based compensation is 

presented in Fig. 35 (a) and the waveform with the proposed compensation is in Fig. 35 

(b). The THD improvement with the added proposed compensation is over 4%. This result 

matches with the simulated case where the improvement was 1.83%.  Most importantly, 

the dead band and zero-crossing distortions of Fig. 35 (a) are mitigated in Fig. 35 (b). The 

waveforms harmonics spectrums are presented in Fig. 36. A clear reduction in the third, 

fifth, and seventh order harmonics can be seen with the proposed compensation.  

 

Fig. 35. Inverter output currents with bipolar switching. 
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Fig. 36. Experimental output current THD readings and harmonic spectrums. 

     While the above figures demonstrate the improvement in both dead time effects and 

THD possible for bipolar operation mode by using the proposed dead time compensation, 

there is an apparent issue with the THD. As was discussed in Section 1.3.1, bipolar 

switching schemes will exhibit a higher THD for various reasons related to how the actual 

switching takes place. Nevertheless, a THD of this scale is high. The reason being that the 

inverter under test and the code used to control it are written and designed for unipolar 

operation. While a few changes made to the code can change the inverters operation mode 

to bipolar, it is by no means optimized for operation in bipolar switching mode. The filter 

parameters have not been redesigned for this switching scheme and the switching 

frequency has been left at 10kHz. In addition, single-phase inverters with bipolar switching 

are not commonly adopted for grid-connected applications due to poor performance caused 

by the larger switching voltage in comparison to unipolar.  The results presented in Figs. 

35 and 36 are meant to give a demonstration of the improvement possible in terms of the 

zero-crossing distortions on the current waveform and not an ideal operating case.  
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Chapter 5 

Conclusions and Future Work 

5.1 Conclusions 

     This M.Sc. research studied the possibility of addressing dead time errors through a 

method that does not rely on current polarity. By most effectively addressing dead time 

effects, the harmonic distortion of power supplied to the grid by small inverters can be 

reduced. The method presented used magnitude based compensation to address dead time 

effects in the zero-crossing region and was developed and tested using simulations and 

experimental results. 

     To develop a new compensation method the exact errors that occur on the bridge voltage 

pulses were derived. Furthermore, the current ripple in the output current was derived as it 

impacts when the dead band in the current waveform will occur. Using these, an algorithm 

for compensation is developed based on increasing the magnitude current command for 

DCM in the near zero-crossing region of the current waveform. The algorithm relies only 

on adjusting the magnitude value of the sine wave and is designed to work on any switching 
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scheme involving a sinusoidal control signal. Switching schemes include both unipolar and 

bipolar sinusoidal pulse width modulation, three-phase sinusoidal pulse width modulation, 

and space vector pulse width modulation.  

     The proposed method was simulated in PSim 11.0 to demonstrate the various switching 

schemes it is effective with. The results show its effectiveness in better compensating zero-

crossing DCM. The simulations also allow analysis of the errors present in the bridge 

voltage pulses and the ability of the proposed method to correct them. Finally, a 10kW 

single-phase grid-connected VSI was used to experimentally test the method on unipolar 

and bipolar SPWM. The results showed improvement in the dead time effects on the 

waveform in the zero-crossing region, meaning the current waveform dead band was 

mostly eliminated. An overall reduction in THD was observed in both cases.  

5.2 Major Contributions 

     The major contribution of this M.Sc. work is the new method of compensating dead 

time errors in DCM based on the magnitude of the current and not current polarity. 

Compensation based on magnitude is new and more effectively able to address the zero-

crossing current nonlinearity than traditional methods, which add or subtract an error term 

to the duty cycle. The method presented does not rely on knowledge of the current polarity, 

which can be difficult to obtain accurately in the zero-crossing region. The presented 

method realizes the objective of being versatile to switching scheme, operating efficiently 

with a current controller, and reducing the computational burden over existing methods. It 

is also easily implemented with a few lines of code and no hardware modifications.  
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5.3 Future Work 

     In the interest of keeping this research within an appropriate scope, the method was not 

tested experimentally on a three-phase inverter. It is, however, simulated on a three-phase 

inverter model. Future research could involve experimentally testing the method on a three-

phase inverter to fully confirm its usefulness for three-phase inverters.   

     The experimental results in Chapter 4 highlighted the operational differences between 

unipolar and bipolar switching schemes. While the experimental inverter can operate in 

both modes, it was clearly not operating optimally with bipolar switching. The aspects of 

the inverter that have the most significant effect on the optimization of its operation when 

changing over to bipolar switching would be an interesting future research topic.   
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Appendix A 

Bipolar Switching Simulations with 

Unoptimized Parameters  

     While a single-phase inverter can operate in both unipolar and bipolar switching modes, 

the results will vary. In the interest of producing an appropriate THD, the switching 

frequency will generally be increased for bipolar switching. Furthermore, one may want to 

increase the inductor on the output filter. In the simulated results in Section 3.2.2, these 

parameters were changed to give an idea of a real case for the inverter. In the experimental 

results in Section 4.3, the same inverter with unadjusted parameters was used, leading to a 

very high THD. For comparison, simulations are provided below that use the same 

parameters as the experimental setup.  The parameters are shown in Table 10.  
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Table 10: Additional Bipolar Simulation Parameters 

Variable Value Description 

fs 10kHz Inverter switching frequency (T = 1/fs) 

fs(VDC) 15kHz DC-DC converter switching frequency  

L 1.8mH Output filter equivalent inductance 

C 10µF Output filter capacitance 

    The single-phase inverter was simulated for the same four different scenarios presented 

in Chapter 3. In Fig. 37 the current output waveforms are shown. The THDs of these 

waveforms are quite high due to the lack of optimization in the inverter model. These 

parameters do, however, confirm the experimental results from Section 4.3. The inverter 

operating with unoptimized parameters will have a high THD in all four test cases.  

 

Fig. 37. Inverter output currents for a single-phase bridge inverter with bipolar 

switching. 
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     Despite the high THD of all four cases, the same pattern in improvements for the 

waveforms can be observed as in other cases. The highest THD is observed for the 

waveform in Fig. 37 (b) where there is no compensation. It is reduced in Fig. 37 (c) from 

duty cycle compensation and even further reduced in Fig. 37 (d) from magnitude 

compensation. The harmonic spectrums of the four currents are shown in Fig. 38 for the 

first 20 harmonic frequencies.  

 

Fig. 38. Inverter output current harmonic spectrums for single-phase bridge inverter with 

bipolar switching. 

     The zero-crossing bridge voltages for each case are shown in Fig. 39. Recall that in 

bipolar switching, the bridge voltage will switch between +/- VDC and should not be 0V at 

any point. The ideal case for this is shown in Fig. 39 (a). In Fig. 39 (b) there are numerous 

distortions where the voltage is much less than +/- VDC for a period of time. There are also 

numerous distortions in Fig. 39 (c), but in (d) some of these distortions are mitigated.  



72 

 

 

Fig. 39. Inverter bridge voltages for single-phase bridge inverter with bipolar switching. 
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