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Abstract— Harmonics generated from power electronic 
converters will impose significant power quality challenges 
to the electric grid onboard future aircraft. In this paper, we 
propose an innovative modulation scheme that enables 
using a buck-boost DC-DC converter as a harmonic 
absorber. To demonstrate the effectiveness of the 
proposed method, a hybrid power generation system 
involving a high-speed electrical generator and a high 
voltage battery is introduced. The electrical generator is 
connected to a DC bus through an AC-DC converter and the 
battery to the DC bus with a DC-DC converter. For the 
studied hybrid power generation system, it is identified that 
the first carrier frequency side-band harmonic (fc-3f0) from 
the AC-DC converter is most relevant and is targeted for 
cancellation. For the control of the DC-DC converter, a new 
modulation technique, called equal-gate-width (EGW) 
modulation is proposed. It allows active control of the 
magnitude and phase angle of some specific harmonic 
components from a DC-DC converter. By properly tuning 
the phase angle and amplitude, the controlled harmonics 
can thus be used to cancel harmonics from other 
converters on a common DC bus. Without losing generality, 
the paper focuses on the development of this specific 
harmonic cancellation scheme and the effectiveness of our 
proposed methods has been demonstrated using 
experimental results.   

 
Index Terms— harmonics cancellation, more-electric 

aircraft, power electronics, DC-DC converter power system 

I. INTRODUCTION 

ORE electric aircraft (MEA) concept has become one of 

the major trends in aerospace development due to 

decreased fuel consumption, low maintenance cost, etc [1][2]. 

Single DC-bus power systems have attracted significant interest 

due to their benefits including low cable usage, convenient 

integration of sources, and high redundancy ability [3]. A 

hybrid DC power generation system for the MEA electrical 

power system (EPS) used for this study is shown in Fig. 1. The 

power is mainly supplied by a permanent magnet synchronous 

generator (PMSG), which extracts power from the engine high-

speed shaft. An energy storage system is also integrated. To 

achieve a flexible power flow, a buck-boost bi-directional DC-

DC converter is implemented to control the battery operation in 

both charging and discharging modes. The battery is mainly to 

provide a flexible power flow, and thus the system performance 

(i.e., efficiency, fault tolerance) can potentially be improved.  
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Fig. 1. Hybrid power generation system on MEA. 

The penetration of power electronics has put significant 

challenges on electric grid power quality. Specifically, the 

power quality of the aircraft electrical system is required to 

meet aerospace standards such as DO-160E [4] and MIL-STD-

704F [5]. A capacitor bank can be used to filter out high-

frequency fluctuated currents and flatten the DC-bus voltage. 

However, the capacitor is always bulky and expensive. With 

reduced harmonics, reduced size and weight of the dc-bus 

capacitor can be achieved. This, in return, gives the system a 

higher efficiency, reduced mass and lower fuel consumption. 

Furthermore, with lower harmonics, the capacitor lifetime is 

extended as well [6]. 

There are numerous methods proposed to minimize current 

ripples across capacitors [7]-[10]. However, the control 

bandwidth of those methods is mostly below the switching 

frequency. This means that current harmonics due to the 

switching behaviour of converters are filtered out in the control 

loop. This paper aims to fill this gap and propose a simple 

method that can suppress the switching harmonics of the current 

flowing into the capacitor. 

Many researchers have studied this issue in recent years. 

Among them, active suppression of harmonics across 

capacitors has received attention because of its flexibility. 

Related studies have been reported in a few publications. 
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Adding additional circuits is the most direct method [11]-[14]. 

In those cases, additional switching devices were added to the 

system and harmonics on capacitors were effectively reduced 

with an adjustable switching operation of the extra switches. 

However, this method requires extra elements and thus 

increases the cost and complexity of the electrical systems. In 

[15][16], the authors investigated harmonic suppression in the 

second switching frequency for the DC power system. However, 

there is no DC-DC converter involved and harmonics with 

lower order such as the first-band harmonics are not considered. 

Since the DC-DC converter is foreseen to be one essential 

element connected to high voltage DC (HVDC) buses on future 

aircraft, it is critical to include such devices in the MEA 

electrical systems. 

This paper aims to fill the gap and use a buck-boost DC-DC 

converter as an active harmonic sink for the DC power system. 

We propose a new modulation scheme for such a converter that 

can actively change the magnitudes and phase angles of its 

harmonic components. Some specific harmonics on the DC-bus 

thus can be eliminated by tuning the magnitude and phase angle 

of this specific harmonic component from the DC-DC converter. 

In this paper, although we focus on some specific harmonic 

component, the proposed method can essentially be used to 

suppress any harmonic component of interest by simply 

changing the phase angle and frequency of the carrier signal as 

well as the position of ’on’ switching states of power devices in 

one cycle within the DC-DC converter. 

The work presented in this paper is continuous research from 

our recent publication [15], where a harmonic cancellation 

scheme has been proposed for multiple AC-DC converters 

supplying HVDC bus. In this paper, we extend this work and 

consider a DC bus supplied by both AC-DC and DC-DC 

converters. This paper is organized in the following manner. 

Section II presents a harmonic analysis of the two-level AC-DC 

converter. A harmonic in the first band switching frequency is 

selected for suppression based on a mathematical comparison. 

To absorb this harmonic using a DC-DC converter, Section III 

illustrates a new PWM method of the DC-DC converter for 

adjusting magnitudes of harmonics. Section IV proposes a 

harmonic suppression method based on discussion from the 

previous sections, and Section V presents the experimental 

results. Section VI concludes this paper. 

II. HARMONIC ANALYSIS OF TWO-LEVEL AC-DC 

CONVERTER 

In the system shown in Fig. 1, the PMSG supplies electrical 

power to the HVDC bus through an AC-DC converter, with 

details shown in Fig. 2a. To develop a harmonic cancellation 

scheme for the HVDC bus, it is essential to derive the 

mathematical model of its harmonics before the capacitor. In 

this study, a standard two-level AC-DC converter is considered 

for AC-DC conversion because it is known as the most widely 

used rectifier for PMSG based power generation systems. The 

asymmetrical sampling PWM adjusts the duty cycle twice in 

one switching cycle, which gives a better voltage output 

performance compared to the symmetric sampling. Hence, it is 

assumed that the common asymmetrical regular sampling 

PWM is implemented in the AC-DC converter, as shown in Fig. 

2b. Due to the converter switching actions, the DC-link current 

idc
[g] will contain harmonics, as shown in Fig. 2c with its 

spectrum. It can be noticed that significant components of the 

current harmonics are observed in fc±3f0 and 2fc. Here, fc is the 

switching frequency and f0 is the fundamental frequency of the  

PMSG. Harmonics in higher frequencies are not considered 

because of their lower impact on the DC-bus. 

The scenario of harmonic spectrum distribution has been 

analyzed in [17]. In this section, a simplified mathematical 

model of three harmonics (fc±3f0 and 2fc) of interest will be 

studied in more details. Based on the mathematical models, 

reasons for suppressing current harmonic components in the 

first switching band will be given. 
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Fig. 2. Two-level three-phase converter. a) PMSG and 2-level 
converter. b) Asymmetric regular sampling PWM. c) Spectrum of idc. 

A. Mathematical analysis of DC-bus harmonic based 
on Double-Fourier method 

The Double Fourier method is commonly used to study the 

harmonics of PWM operation [17]. Some analysis has been 

investigated in [15], which will be briefly reviewed here. 

Assuming the current on the AC side is ideally sinusoidal for 

a two-level converter, the AC side currents can be written as in 

(1).  
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where Iac is the amplitude of the fundamental component of AC 

current, f0 is the fundamental frequency, β is the angle between 

phase current and its AC side voltage, k=0, 1 and 2 represent 

phase A, B and C respectively.  

Assuming the positive current on the DC bus (idc) is from the 

converter to the dc-link capacitor, as shown in Fig. 2. The 

switching function for each phase leg can be expressed as in (2). 
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where fc is the switching frequency, θc
[k] is the phase angle of 

the triangular carrier signal for each leg, α is the phase angle 

between the AC fundamental current and the AC-side converter 

voltage (i.e. power factor angle), Km,n is the harmonic amplitude 

using the Bessel function of the first kind. Based on double 

Fourier analysis [17], Km,n can be expressed as  

 ( ) ( ), ,
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In (3),  Jn() is the Bessel function of the first kind. m and n 

are the orders of switching harmonic and its side bands 

respectively. For instance, when m=1 and n=3, Km,n means the 

magnitude of harmonic with a frequency of fc+3f0. Using (1) – 

(4), the DC-bus harmonic currents generated from one phase 

leg can be derived as 
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where and  are the phase angles of each component, 

which are  
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Extracted from (5), the DC-link current harmonics in a 

specific frequency (ifc+jf0) should be expressed as a sum of 

components from the three legs as 
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where i and j represent the switching and band side orders of 

DC-bus current harmonics respectively. For instance, 

substituting i=1 and j=3 into (8) gives the expression of 

harmonic in the frequency of fc+3f0. Here we use a superscript 

[g] indicating this harmonic is associated with the generator 

connected to the AC-DC converter and is to differentiate it from 

the DC-DC converter which will be discussed in the later 

sections.  

B. Harmonics on fc±3f0 

As shown in Fig. 2c, significant harmonics appear in the 

frequencies of both fc-3f0 and fc+3f0. Furthermore, along the 

whole spectrum, their magnitude cannot be ignored.   

This subsection will analyze the harmonic in fc-3f0 firstly. 

Considering no phase shift on carrier signals among three legs, 

i.e., θc
[1]=θc

[2]=θc
[3]=θc, substituting i=1 and j=-3 into (8) gives 
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For the coefficient K1,-4 and K1,-2, we have  
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Assuming that fc >> f0 (in typical cases, fc is at least 20 times 

the frequency of f0), the term f0/fc can be neglected as it is 

approximately equal to 0. Then, (9) can be approximated as 

expressed in (12).   
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Comparing the two terms in (12), their magnitudes have 

different Bessel functions and are given in (13).  
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In (13), the modulation index (M) is always less than 1, because 

of the limited output voltage of the AC-DC converter. A 

comparison between the two Bessel function terms when M<1 

is shown in Fig. 3. It can be seen that J4(πM/2) is almost zero, 

and J2(πM/2) is more than 20 times higher.  
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Fig. 3. Comparison between J2(πM/2) and J4(πM/2) with increased 

modulation index. 

Hence, the first term is neglectable in (12). Therefore, the 

expression in (12) becomes as in (14).  
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With (14), the magnitude of the fc-3f0 harmonic is convenient 

for a controller to calculate. There, M will be a fixed value if 

the PMSG works under flux-weakening operation (which is a 

normal case for aerospace application). Iac is measured by 

current sensors and  is expressed as 
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where id and iq are the d- and q-axis currents of the PMSG. 

Apart from magnitude, the phase angle of the component in (14) 
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can be derived from (7) which gives the expression as  

 ( )1, 2 2c      − = − + − ++  (16) 

where β is the angle between the phase current and its AC side 

voltage and α is the power factor angle. Both of them can be 

achieved from voltages and currents in dq-frame, which are  
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Here, the function atan2(y, x) gives the angle of the complex 

value (x+iy). Therefore, the magnitude (Idc,1,-3
[g]) and phase 

angle (θdc,1,-3
[g]) of the harmonic in fc-3f0 can be summarized 

from (14) to (18) as 
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Following the same process, the magnitude and phase angle of 

the harmonic component in fc+3f0  can be calculated and 

simplified as 
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From (19) and (21), it is important to notice that the simplified 

magnitudes of these two components of frequencies (fc-3f0 and 

fc+3f0) are essentially the same. A comparison between the 

magnitudes of the simplified model and the original model is 

given in Fig. 4a. The error is always less than 3A, which is less 

than 10% of the original model, as shown in Fig. 4b. Therefore, 

the simplified model can be adopted and used for the harmonic 

suppression method. 
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Fig. 4. Comparison between magnitudes of the simplified and original 
model on fc-3f0 and fc+3f0. a) Magnitudes. b) Errors. 

We also found that the proposed simplified models match 

well with the symmetric sampling PWM when assuming fc >> 

f0. However, this is not the main contribution of this paper and 

will not be illustrated in detail. 

C. Component selection for suppression 

As shown in Fig. 2c, another significant harmonic exists in 

2fc. In [14], the magnitude of this component is analyzed and 

simplified as  
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Comparing the simplified magnitudes of harmonic in the first 

band (fc±3f0) and second (2fc) switching frequencies and 

dividing (23) by (19) or (21) gives 
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where Idc,2
[g] is the simplified magnitude of harmonics in 2fc. 

Idc,1
[g] is the simplified magnitude of harmonics in fc±3f0.  

Due to the cosine value is always less than 1, it can be 

obtained from (24) that 
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Considering the fact that the PMSGs always work under 

flux-weakening control in MEA because of the wide shaft speed 

range of the engine [21], the modulation index (M) will always 

be higher than 0.9 for the PMSG connected to the AC-DC 

converter. Therefore, the maximum value in (25) which is 

|J1(πM)/J2(πM/2)| is as shown in Fig. 5. 
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Fig. 5. Variation of J1(πM)/J2(πM/2) with an increase in modulation 

index.  

As shown in  Fig. 5, the ratio between Idc,2 and Idc,1 is always 

less than 2 when the modulation index is higher than 0.9. Hence, 

we obtain the expression in (26).  
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To minimize the voltage ripple on the DC capacitor, the total 

capacitor harmonics of switching frequencies should be 

analyzed as follows:  
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where Ihf is total harmonics on the DC capacitor, fk is the 

frequency of the kth order harmonic, and Ik is the magnitude of 

the summed kth order harmonics. 

According to (26), we have  
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Meanwhile, 
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From (28) and (29), it can be seen that the component in fc-

3f0 contributes more to the DC-link fluctuation compared to that 

in 2fc and fc+3f0. Hence, this paper focuses more on the 

harmonic suppression in the frequency of fc-3f0 by using a  DC-

DC converter, as discussed in the following section. 

III. HARMONIC ANALYSIS OF DC-DC CONVERTERS 

This section will discuss the harmonics generated from a DC-

DC converter to suppress the fc-3f0 harmonic generated from the 

AC-DC converter, as explained in Section II. In MEA 

application, reliability is of high concern. Thus, a buck-boost 

DC-DC converter is selected in this paper because of its simple 

structure and high reliability. . As shown in Fig. 6, the 

bidirectional buck-boost DC-DC converter consists of two 

power switches (S1 and S2) with anti-parallel diodes and a 

filtering inductor Lb. The port on the left is connected to a 

battery with a voltage Vb, and the port on the right is connected 

to a DC-bus with voltage Vdc. This DC-DC converter allows the 

battery to work under both charging and discharging modes. 

However, in this paper, we focus on the discharging mode only.  
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 b
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Fig. 6. Bidirectional buck-boost converter. 

A. Conventional DC-DC converter control and PWM 
operation 

Within the hybrid electric power generation centre, a 

secondary level supervision unit is used to provide the reference 

power (thus defines inductor current iL) to the DC-DC converter 

local control. A typical control diagram of a DC-DC converter 

is shown in Fig. 6. Average current control is used here, and the 

modeling and operation of such control has been well studied 

already [23]. PWM signals are generated to control switches S1 

and S2. The switching behaviour of these switches causes the 

DC-link current ripples.  

The conventional PWM of the buck-boost DC-DC converter 

is shown in Fig. 7. It can be seen that switching signals are 

generated by comparing the duty cycle reference and carrier 

signal. The carrier signal is a triangle waveform. The period of 

a carrier signal is defined as Tc
[b]. The average DC current idc

[b] 

and its contained harmonics are dependent on the power 

reference (and thus iL). Similar to AC-DC converters, the idc
[b] 

harmonics phase angle can be controlled by shifting the phase 

angle of the carrier signal.  However, since the power reference 

is given by an upper-level controller (at the secondary level) 

and dependent on load requirements within the hybrid power 

generation centre, the power reference (and thus IL value) is thus 

an input value and cannot be controlled by a local controller of 

a DC-DC converter. Therefore, for the idc
[b] harmonics, 

although their phase angles are controllable, this is not the case 

for their magnitudes for a local controller. This makes the 

conventional modulation technique not feasible to be used to 

cancel harmonics from AC-DC converters, as the adjustable 

magnitudes and phase angles of harmonics are essential. Thus, 

a new modulation technique is required and will be discussed.  

S1

S2

idc
[b]

DTc
[b]

Tc
[b]

iL

Sampling 

time

 
Fig. 7. Conventional PWM strategy. 

In this paper, the DC-DC converter is to control the battery 

current iL to its reference iL
*. Apart from the conventional PWM 

strategy, the current control can also be achieved by hysteresis 

control or peak current control. However, for the hysteresis 

control, the switching frequency is not fixed and thus is not 

suitable for active suppression of the specific harmonic 

component. For the peak current control, it controls the peak 

current of iL with a fixed switching frequency. The current 

waveform of icap is similar to the conventional PWM case under 

the steady-state. Therefore, it will not be discussed in detail. 

B. Equal-Gate-Width PWM 

In this section, a new modulation scheme is developed to 

enable active control of the harmonic magnitudes as well as 

their phase angles. The new PWM method is named as equal-

gate-width (EGW) PWM method and is shown in Fig. 8. There, 

one cycle time of a carrier signal is defined as T[b]. The switch 

S1 turns on twice within one T[b] and each time is on for a period 

of DT[b]/2. Here D is the duty cycle of the gate signal from the 

proportional-integral (PI) controller output. These two turn-on  

S1
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ΔD·T
[b]

θc
[b]

T
[b]

 

idc
[b]

iL

DT
[b]

/2

Sampling 

time

 
Fig. 8. Equal-Gate-Width (EGW) PWM. 
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periods are also symmetrical from the half cycle T[b]/2. The 

offset referred to its centre is defined as ΔD·T[b]. Since S1 

switches on twice for one carrier signal cycle, the carrier signal 

of the proposed EGW can be with a doubled period compared 

with that of conventional PWM (T[b] = 2Tc
[b]) for the same 

switching frequency.  

To simplify the analysis, the inductor current is assumed to 

be constant as IL, and the converter works under continuous 

current mode. Then, the current flowing into the dc-bus 

capacitor, idc
[b], is given as 
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Considering the symmetry and using Fourier expansion, the 

current idc
[b] can be expressed as 
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From (31), it can be seen that the phase angle of current idc
[b] 

harmonics are related to the carrier signal phase angle θc. The 

Fourier coefficients in (31) are derived as 
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From (34), it can be noticed that the magnitudes of harmonic 

components Ak can be controlled with ΔD. This is a very useful 

finding, as adjusting this variable will change the location of the 

turn-on pulse of S1 but have no impact on the duty cycle D from 

the controller. Combining with (31), we can come to the 

conclusion that the proposed EGW PWM scheme has achieved 

active control of magnitudes and phase angle of current idc
[b] 

harmonics. 

The adjustable range of ΔD is limited by D and defined as 

 
1

4 2 4

D D
D   −  (35) 

This limitation is essentially  because if ΔD exceeds the range 

of (35), the two gate signal pulses of S1 in Fig.8 will overlap 

each other, as shown in Fig. 9.  

Considering that the DC-DC converter works under steady-

state boost operation, the duty cycle of the DC-DC converter is 

given as 

 1 b

dc

V
D

V
= −  (36) 
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Fig. 9. EGW operation when the two gate signal pulses of S1 are 
going to overlap each other. a) ΔD=D/4. b) ΔD=1/2-D/4.  

Fig. 10 shows the amplitudes of the first and second-order 

switching harmonics of idc
[b] (A1 and A2) for the DC-DC 

converter with the proposed EGW PWM scheme. There, we 

assumed the battery voltage is 200V and the dc bus voltage to 

be 270V. The current IL is set to be at 50A.  Harmonics higher 

than the second-order are not considered here due to their low 

impact on DC-link capacitors. From Fig. 10, it can be seen that 

the magnitudes of the first and second switching harmonic vary 

when ΔD changes. Since the harmonic component phase angle 

can be controlled by changing the carrier signal angle θc, we can 

conclude that the proposed EGW has the potential to cancel 

harmonics from AC-DC converters on the DC bus. This will be 

discussed in more detail in the next section.  

A1

A2

ΔD

(A)

 
Fig. 10. Magnitudes of the first and second harmonic with ΔD 

changing (fc
[b] and 2fc

[b]). 

The EGW PWM enables active control of the harmonic 

magnitudes as well as their phase angles. When compared to 

existing harmonic suppression methods using the conventional 

modulation technique [18]-[20], it provides a potential of 

suppressing harmonic of any frequency and magnitude. 

IV. PROPOSED HARMONIC SUPPRESSION METHOD 

In this section, an enhanced harmonic suppression method 

will be proposed using the harmonics generated from the DC-
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DC converter to cancel some specific harmonics from the AC-

DC converters. We will focus on the fc-3f0 harmonic component 

from the AC-DC converter as this component is more 

significant compared to the ones in fc+3f0 and 2fc. Without 

losing generality, similar methods can be developed to suppress 

other components. 

A more detailed system of the hybrid generation centre is 

shown in Fig. 11. Within such a system, a PMSG supplies 

power to an HVDC bus through an AC-DC converter. A high-

voltage battery supplies power to the HVDC bus (270V) via a 

DC-DC converter. Both converters share the DC-link capacitor. 

The AC-DC converter and the DC-DC converter are controlled 

with their local primary controller. A system controller is used 

for high-level supervision (secondary) control. The system-

level control is to define power sharing between PMSG and the 

battery by defining their power references (Idc
[g]* and IL

*). The 

local controllers thus control the converters of the PMSG and 

the battery to inject the required DC currents into the HVDC 

bus. 

idc
[g]

Vdc

PMSG

icap
PWM1

PWM2

PMSG local 

controller

(Fig. 12)

Battery local 

controller

(Fig. 13)

Idc
[g]*

AC/DC

DC/DC

IL
*

idc
[b]

Idc,1,-3
[g]

θdc,1,-3
[g]

fc-3f0 

+ -

DC bus

System 

controller

  
Fig. 11. Control architecture of the hybrid generation system. 

The local control diagram of PMSG is shown in Fig. 12. A 

cascaded control structure has been used, with a current control 

being the inner loop. A flux-weakening control is applied in the 

outer control loop. This is due to the fact that in MEA 

applications, the PMSG is driven by the high-speed shaft of an 

aircraft engine. The stator output voltage √𝑣𝑑
2 + 𝑣𝑞

2  is 

controlled by injecting a negative flux current component id. 

The output current idc of the AC-DC converter is also controlled 

with its reference iref
[g] given by the system-level controller. 

With measured currents id, iq, voltage references vd, vq, and 

modulation index M, the information of the fc-3f0 harmonic 

component can be derived, with its magnitude Idc1,-3
[g] and its 

phase angle θdc1,-3
[g] from (19) and (20). The fundamental 

frequency (f0) can be obtained from a machine speed sensor. 

These features of fc-3f0 component, i.e., magnitude, frequency, 

and phase angle are then sent to the controller of the DC-DC 

converter.  

The cancellation scheme of the harmonic component of fc-3f0 

from the AC-DC converter is essentially based on the fact that 

two sinusoidal currents of the same magnitude will cancel each 

other if they are 180o phase shift to each other. With this fact, 

we can use a DC-DC converter as an active harmonic injection 

source to cancel the fc-3f0 harmonic component from the AC-

DC converter. To achieve that, the frequency of the carrier 

signal (fc
[b]) of the DC-DC converter should be set to fc-3f0, i.e. 

 
[ ]

03b

c cf f f= −  (37) 

To achieve the phase angle difference of 180o between the two 

harmonics, with (20), the phase angle of the EGW PWM carrier 

signal should be set as 

 ( ) ( )[ ] [ ]
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where θc
[b] is the phase angle of the carrier signal of the DC-DC 

converter. Based on the expression in (39), the phase shift angle 

of π is achieved between components on fc-3f0 from both the 

PMSG and battery.  
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Fig. 12. Control diagram of the PMSG system. 

The magnitude of the first order harmonic (fc
[b]) from the DC-

DC converter is shown in Fig. 10. Combining (19) and (34) will 

derive the required harmonic amplitude and thus ΔD in the DC-

DC converter as  

 

*
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where A1* is the required harmonic magnitude and is limited 

using (34) and (35) as 

 *

1

4sin 4sin
2 2

L L

D D

I A I

 

 
−    (40) 

Therefore, the carrier signal frequency (fc
[b]), magnitude (A1), 

offset ΔD and the phase angle θc
[b] can be selected based on 

harmonic information sent from the PMSG controller with (39) 

and (40), as shown in Fig. 13. 

It can be seen from (40) that with a higher inductor current IL 

(positive or negative), the adjustable range of A1 can be wider. 

Hence, the EGW PWM is more capable of eliminating 

harmonic when the DC-DC converter operates under higher 

power.  

Meanwhile, when the DC-DC converter works under the 

charging mode, the inductor current (IL) becomes a negative 
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value. In this case, (39) and (40) are still correct, and thus the 

proposed method is also effective when the DC-DC converter 

works under the charging mode.  

PI
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*

-

D
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*
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Fig. 13. Control diagram of the battery system. 

V. EXPERIMENT STUDY 

To validate the proposed harmonic cancellation scheme, an 

experimental rig has been set up as shown in Fig. 14. To 

simplify the test rig setup, the PMSG is represented by a 

programmable AC source together with three-phase inductors. 

A phase-locked loop (PLL) is implemented in the controller to 

achieve the phase angle of the fundamental AC voltages. The 

battery is represented by a DC power supply which is connected 

to the DC-DC converter. Since the harmonic cancellation 

scheme is related to the AC-DC and the DC-DC converters, 

using a three-phase AC source and a DC power supply to 

represent the PMSG and battery will not affect the effectiveness 

of the proposed harmonics cancellation scheme.  For a fixed 

power, a higher battery voltage results in a lower output/input 

current. Therefore,  a thinner cable can be chosen which 

benefits the system integration. Hence, the battery voltage is set 

with a constant voltage output of 200V. The parameters of the 

experiment are shown in Table I. The AC fundamental 

frequency is 50Hz. The phase-to-phase voltages are 230V, and 

the AC-DC converter is controlled with a modulation index of 

0.90, which is to emulate the PMSG operation under the flux-

weakening control. The switching frequency of the AC-DC 

converter, fc, is set at 4kHz. The carrier signal frequency for 

conventional PWM fc1
[b] is set to be 2fc, i.e. 8kHz, which is a 

typical value for such a DC-DC converter. For the EGW PWM 

method, the carrier frequency (fc
[b]) is set at fc-3f0 (3.85kHz). 

Thus, using the EGW PWM method, the switching frequency 

is 7.7kHz, which is a little lower than that of the conventional 

PWM. This makes the following comparison still reasonable. 

In this case, with a lower switching frequency, the efficiency of 

the DC-DC converter can potentially be improved. However, it 

will also cause a higher fluctuation on iL. Such a trade-off can 

be studied in the future. 

The system is controlled using TI DSP TMS320F28379D, 

which is embedded with an ePWM module [22]. The EGW 

PWM of the DC-DC converter can be achieved by properly 

configuring the PWM actions in the ePWM module according 

to the counting direction. The extra computation for harmonic 

suppression is mainly on fc-3f0 harmonic estimation and phase 

shift angle calculation. The computation is tested in the 

software which is 16µs. In the experiment, these calculations 

are implemented every 20ms which is the sample time of DC-

link current (idc
[g]) control. This is much longer than 16µs. Thus, 

the extra computation will not affect system performance. 

Programmable AC source Electric load DC source

Capacitor TransformerConverters Controller

 

Fig. 14. Experiment setup.  

TABLE I. Experimental parameters 

Category Parameters Values 

DC-link DC bus voltage 270V 

DC link capacitance 4.4mF 
Equivalent series resistance (ESR) 11mΩ 

Equivalent series inductance (ESL) 8.3nH 

AC-DC 

converter 

Phase inductance 1mH 

Frequencies of AC side f0 50Hz 
Voltages of AC side 230V 

Switching frequency fc 4kHz 
Modulation index 0.90 

idc
[g] control loop frequency 50Hz 

DC-DC 

converter 

“Battery” voltage Vbat 200V 

Inductance 30mH 
Carrier frequency fc1

[b] 

Carrier frequency fc
[b] 

8kHz (conventional PWM) 

3.85kHz (EGW PWM) 

 

Fig. 15 shows the DC-bus currents from the AC-DC 

converter and the DC-DC converter (idc
[g] and idc

[b]). The 

current flowing into the capacitor (icap) and its spectrum are also 

shown in Fig. 15. The output power of the PMSG and the 

battery are set to 1kW and 0.5kW, respectively. The DC-DC 

converter is first driven by the conventional PWM with results 

shown in Fig. 15a and then driven by the proposed EGW PWM 

scheme with results shown in Fig. 15b. Comparison between 

the spectrums of icap before and after suppression (indicated 

blue and red respectively) are given in Fig. 15c. The harmonic 

component of fc-3f0 is suppressed from 2.42A to 1.86A (23.1% 

reduction). Although with over 20% reduction, this component 

is not completely cancelled. This is because the power from the 

battery (thus current idc
[b]) is much smaller than that of PMSG 

(thus current idc
[g]). In that case, the amplitude of fc-3f0 is even 

higher than A1max which is the maximum the DC-DC converter 

can generate on this component. The two gate signal pulses in 

one carrier cycle of the EGW PWM overlap each other. This is 

equivalent to halving the switching frequency, as shown in Fig. 

9. Thus, the switching cycle is increased from 125µs 

(fc1
[b]=8kHz) to 259µs (fc

[b]=3.85kHz), as shown in the zoom-in 

views of Fig. 15a and b. 

However, if we increase the battery power, the harmonic of 

fc-3f0 can be further suppressed. When the output power of the 

DC-DC converter is increased to 1kW, the DC-DC converter 

should have the capability to fully cancel the fc-3f0 component. 

Results, in this case, are shown in Fig. 16a and b, and the 

comparison between the icap spectrums (Fig. 16a in blue and 
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Fig. 16b in red) is given in Fig. 16c. It can be seen that the 

harmonic component of fc-3f0 frequency has been suppressed 

from 2.44A to 0.68A (73.8% reduction). The error is due to the 

fact that the magnitude of fc-3f0 component from the AC-DC 

converter is estimated Idc,1,-3 from (14). Comparing Fig. 16b to 

Fig. 15b, the two gate signal pulses in one carrier cycle do not 

overlap each other, as shown in the zoom-in view of Fig. 16b. 

In this view, idc
[b] counteracts pulses on idc

[g] and the harmonic 

on the capacitor (icap) can be suppressed. 

It is also interesting to notice the change of the 2fc (fc=4kHz) 

component of icap. When the DC-DC converter operates with 

conventional PWM (fc1
[b]=8kHz), the current harmonics will be 

adding to the 2fc component. However, with EGW PWM, the 

carrier signal has a frequency of 3.85 kHz and there will be no 

harmonic component at 2fc. Therefore, it can be noticed from 

Fig. 16a and Fig. 16b that the harmonic in 2fc is reduced from 

3.48A to 1.64A (52.9% reduction).  

The proposed method can be extended to other harmonic 

components on the DC-link, i.e., in fc+3f0. By simply adjusting 

the carrier frequency (to fc+3f0) and the phase angle of the EGW 

PWM (according to (22)), a suppression of fc+3f0 harmonic can 

be achieved, as shown in Fig. 17a. The output power of the AC-

DC and DC-DC converters are 1kW, and the experimental 

result without harmonic suppression has been given in Fig. 16a. 

Comparing Fig. 17a to Fig. 16a, the harmonic in fc+3f0 is 

reduced from 1.30A to 0.34A (73.8% reduction), as shown in 

Fig. 17b. 
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Fig. 15. Harmonic suppression when P[g]=1kW, P[b]=0.5kW. a) 
Without suppression. b) With EGW suppression. c) Spectrums of icap. 
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Fig. 16. Harmonic suppression with EGW suppression when 
P[g]=1kW, P[b]=1kW. a) Without suppression. b) With EGW suppression. 
c) Spectrums of icap. 
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Fig. 17. Harmonic suppression on fc+3f0 with EGW suppression when 
P[g]=1kW, P[b]=1kW. a) Experimental results. b) Spectrums of icap before 
and after suppression. 

The EGW PWM of the DC-DC converter can also operate 

under buck mode, as shown in Fig. 18. At the beginning of the 

experiment, as shown in Fig. 18a, only the AC-DC converter 

supply the DC bus and the output power (P[g]) is 2kW. 
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Therefore, when the DC-DC converter starts to operate and the 

output power (P[b]) is set as -1kW,  this results in a DC-link 

voltage (Vdc) drop and recovery, as shown in Fig. 18a. The time 

scale in Fig. 18a is 200ms/div to show the dynamic response of 

Vdc. However, such a time scale results in distortion on the DC-

link current appearance (idc
[g], idc

[b]] and icap), because the 

switching cycles of the AC-DC and DC-DC converters are 

0.25ms and 0.26ms, which is much smaller than 200ms. 

Therefore, we provided a zoom-in view near the transient point. 

After the system operation is back to the steady state, the 

battery current is negative. The DC-link current from the DC-

DC converter (idc
[b]) is with pulses of negative current (-5A). 

The harmonic component of fc-3f0 is suppressed to 0.42A (79.0% 

reduction compared to fc+3f0 component) with the proposed 

method, as shown in Fig. 18b. 
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Fig. 18. Harmonic suppression with EGW suppression when 
P[g]=2kW, P[b]=-1kW. a) Dynamic experiment. b) Steady state. 

VI. CONCLUSION 

    This paper proposed a new EGW modulation scheme for DC-

DC converters which enables active damping of harmonics 

generated from AC-DC converters. This paper focuses on fc-3f0 

harmonic cancellation, but similar methods can be used to 

suppress other components. Experimental results verify the 

validity of the proposed suppression method. The proposed 

work is extremely useful to improve power electronic 

dominated DC grids and can achieve improved power quality 

with no extra cost. This work will further facilitate some 

advanced control methods combining with artificial 

intelligence to achieve system-level power quality 

optimization, which will be discussed in our future study. 
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