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 A neutral point clamped (NPC) converter is considered a forefront in 

industrial applications. Supplying a typically balanced stand-alone load is 

one of those applications. However, the loading may become unbalanced 

which can impact the capacitors’ current and voltage ripple. In this work, an 

approach is proposed that analyze the capacitor current under unbalanced 

loading. The proposed method is based on a combination of two-

dimensional Fourier series and symmetrical components. Since, two-
dimensional Fourier series sectorize the spectrum into harmonics that are 

either defined by multiples of, fundamental, carrier or both frequencies, the 

method derives the Fourier coefficients for each sector, corresponding to a 

sequence current. Therefore, based on the presented approach, each 
harmonic amplitude in the spectrum sector is defined by three Fourier 

coefficients reflecting zero, positive and negative sequence current. The 

capacitor current spectrum is obtained by vector summing sequence 

coefficients. The method is tested on unbalanced load conditions with (out) a 
ground path. Results verify feasibility of the proposed method in deriving 

Fourier coefficients of capacitor currents that accurately reflects the loading 

status of the NPC. This is vital for converter design in terms of proper sizing 

of DC capacitor and can help in avoiding components failure. 
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1. INTRODUCTION 

Three-level neutral point clamped converter was first emerged for adjustable motor drive by 

Nabae et al. [1] in 1981. Compared with two level voltage source inverter (VSI), the (3L-NPC) is 

characterized by its high efficiency, high quality output voltage, reduced power devices voltage stress, low 

output current ripple and common mode voltage (CMV) steps [2]–[4]. In [5] reviewed various multi-level 

inverters (MLI) topologies including, neutral point clamped (also named diode clamped inverter DCI), 

capacitor-clamped inverter and cascaded multi-cell inverter with various control methods and applications. 

Based on the available literatures, the 3L-NPC is considered as the most established multi-level inverter 

topologies employed in various industrial applications including renewable energy systems and medium/high 

voltage motor drives systems [6]–[10]. In [11] showed that the three-level diode clamped inverter (DCI) is a 

better option to drive a brushless DC (BLDC) motor than the cascaded H-bridge inverter in terms of total 

harmonic distortion (THD). In addition, the 3L-NPC can drive effectively an induction motor (IM) by 

reducing the THD to 50% for traction application in comparison with two level inverter [12]. An 

improvement to low-speed response of IM driven by 3L-NPC is achieved by modifying the sensor-less 
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vector control approach upon using adaptive neuro-fuzzy inference system instead of proportional-integral 

(PI) controller in the adaptive system of a rotor flux-model reference adaptive system (RF-MRAS) [13].  

The 3L-NPC converter has two capacitors connected in series to form the DC link with mid-point 

(neutral point N) needed for zero level in the output. The mid-point of the transistors in each leg is connected 

with the neutral point via clamping diodes. When the upper two switches are conducting, the output voltage 

is positive with a value of half Vdc. The negative output voltage of-Vdc/2 is produced when the lower two 

switches are conducting. However, the zero level is achieved when a combination of one upper and one 

lower switch is conducting [14].  

To control the behavior of the 3L-NPC, various pulse-width modulation (PWM) can be used 

including, carrier based PWM (CB-PWM) [15]–[17], space vector modulation (SVM) [18]–[20] and 

selective harmonic elimination (SHE-PWM) [21]. However, the 3L-NPC inverter suffers from some 

drawbacks such as the imbalance of DC neutral points, the common mode voltages (CMV) and shoot through 

problems. One major issue of NPC topology is the balancing of DC-link capacitors Intensive researches have 

been presented to maintain equal voltage across DC capacitors using various PWM techniques [14]. 

However, less attention has been paid to analyze the DC capacitor’s current and its AC components under 

various operating conditions. The CB-PWM is intensively used in the industry to balance the DC-link 

capacitor voltage and reduce the ripple due to its simplicity [22]. Chen et al. [23] proposed a simple method 

for balancing the capacitor voltage by injecting a zero-sequence voltage determined by comparing both DC 

capacitor voltage with the three-phase AC voltages. A new approach using harmonic resonant controller is 

proposed to balance the DC capacitor voltage by controlling the position of pole and zero points with the 

operating airplane frequency of 400 Hz [24]. While [25] proposed a simple PWM strategy for NPC with 

unbalanced DC-links voltage by simplifying the conventional SVM, and taking the output voltage 

modulation to find a solution without depending on the position of the reference vector in the complicated 

space vector modulation. A combination of space vector modulation and carrier-based PWM is proposed in 

[26] for the 3L-NPC operating under unbalanced DC-link voltage. The selective harmonic modulation 

approach is also adopted for balancing the voltage of capacitors by varying the duty cycle of the switches 

responsible for zero-level, which depends on the output currents polarity and DC voltage, is adopted in [27]. 

Recently, to analyses a number of power converters and precisely derive the output voltage harmonic 

spectrum, two-dimensional Fourier analyses has been applied [28]. Thakur et al. [29] employed this approach 

in applications where the DC voltage input itself is polluted by harmonics, the work concluded that the DC 

voltage harmonics reshapes the spectrum by adding harmonics in the baseband, carrier and sidebands zones. 

However, all the above work has been focused on the DC capacitor voltage unbalancing issue with limited 

attention to the DC capacitor current despite its important role in the output voltage spectra.  

For power converters design, it is very important to select the proper size of the capacitors including 

the DC and filter capacitor for 3L-NPC which is heavily dependent on capacitor current harmonics. Thus, an 

accurate analysis of capacitor current is vital. Although Orfanoudakis [30] analyzed the DC-link capacitor 

current for MLI using the two-dimensional Fourier series, their investigation was limited to converter 

operating under balanced load condition. This paper presents a detailed analysis of the DC capacitor current 

using two-dimensional Fourier series for 3L-NPC converter operating at conditions that involves unbalanced 

loading with or without the presence of a path to ground. This path will affect the flow of zero sequence 

current in the converter output terminals. The work presented in this paper will contribute to improving the 

converter design by selecting a proper capacitor size in the DC side under all operating conditions. In 

addition, this analysis can help in avoiding component failure due to improper selection of passive 

components in the DC side capacitor.  

 

 

2. THE PROPOSED METHOD  

Work presented in this paper considers circumstances where the three-phase load becomes 

unbalanced for a sustainable period of time. The latter can occur due to many reasons, such as a change in 

consumed power involving one or more phases of the load. Pervious work presented in [30] considered 

capacitor current analysis of NPC converter for balanced load conditions only. A powerful tool for analyzing 

unbalanced conditions is the symmetrical components theory [31], [32]. According to this theory, unbalanced 

currents are expressed as the vector sum of zero, positive and negative sequence set of balanced phasors.  

The proposed method aims to determine the Fourier coefficients for the capacitor current of the 

NPC converter as function of the sequence currents. The coefficients are based on the two dimensional 

Fourier series, that assumes two periodic variables, one for the low frequency modulating wave while the 

other is for the high frequency carrier of the PWM scheme [28]. The resultant spectrum produced by the two 

dimensional Fourier series has three sectors; baseband, carrier and sidebands sectors [28]. Hence, the 

proposed method must provide three spectrum coefficients for each harmonic in a sector corresponding to the 

zero, positive and negative sequence currents of the capacitor respectively. The resultant coefficient, which 
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represents current amplitude, is obtained by simply vector summing each sequence coefficient for each 

sector. The approach presented in this paper can be summarized in the following steps: 

Step 1: Express the capacitor current in terms of timing varying sequence components. 

Step 2: Develop an expression for the Fourier coefficients as function of sequence currents.  

Step 3: Obtaining the resultant coefficients by combing the effects of all sequence coefficients. 

Steps 2 and 3 are performed for baseband, carrier and sidebands harmonics to obtain the overall spectrum of 

the NPC converter capacitor current under unbalanced loads. 

 

2.1. Capacitor current of a three-level neutral point clamped converter in terms of symmetrical 

components 

The circuit diagram of a 3L-NPC is shown in Figure 1. Three phase load is represented by impedances, 

Za, Zb, and Zc. In this section, the objective is to develop an expression for capacitor current in terms of 

symmetrical current components. Analysis is presented for the current of upper capacitor; lower capacitor 

follows the same procedure [30]. The contribution of capacitor current is mathematically expressed as (1), 

 

𝑖𝐶1(𝑡) = ∑ 𝑖𝑥(𝑡) − 𝑖𝑖𝑛𝑥=𝑎,𝑏,𝑐 (𝑡) (1) 

 

where, 𝑖𝑥 and 𝑖𝑖𝑛 is the individual phase and input converter current respectively. If the input current is 

considered to be ripple free, hence the capacitor current is equal to the sum of all phase currents [30]. The 

sequence components definition in the time domain is, 

 

𝑖𝑜(𝑡) = 𝑅𝑒(𝐼𝑚
𝑜 𝑒𝑗(𝜔𝑡+𝜑𝑜))  

 

𝑖+(𝑡) = 𝑅𝑒(𝐼𝑚
+ 𝑒𝑗(𝜔𝑡+𝜑+))  

 

𝑖−(𝑡) = 𝑅𝑒(𝐼𝑚
− 𝑒𝑗(𝜔𝑡+𝜑−)) (2) 

 

here 𝑖𝑜 (+)(−)(𝑡), are the time domain zero, (positive) or (negative) sequence component current, 𝐼𝑚
𝑜(+)(−)

, is 

the peak value of the sequence component and 𝜑𝑜(+)(−), is the phase shift of the respective sequence 

component for a reference phase, which is usually phase a. The time domain sequence components based on 

the complex conjugate representation are [31],  

 

𝑖𝑜(𝑡) =
1

√2
(𝐼𝑜𝑒𝑗𝜔𝑡 + 𝐼𝑜∗𝑒−𝑗𝜔𝑡)  

 

𝑖+(𝑡) =
1

√2
(𝐼+𝑒𝑗𝜔𝑡 + 𝐼−∗𝑒−𝑗𝜔𝑡)  

 

𝑖−(𝑡) =
1

√2
(𝐼−𝑒𝑗𝜔𝑡 + 𝐼+∗𝑒−𝑗𝜔𝑡) (3) 

 

where, 𝐼𝑜  (𝐼𝑜∗), 𝐼+(𝐼+∗) 𝑎𝑛𝑑 𝐼− (𝐼−∗) are the phasors of each sequence component (conjugate) at the nominal 

frequency. For example, 𝐼𝑜 = 𝐼𝑚
𝑜 𝑒𝑗∅𝑜  and 𝐼𝑜∗ = 𝐼𝑚

𝑜 𝑒−𝑗∅𝑜, other sequence phasor and conjugate are defined in 

a similar way. These phasors can be obtained by using the transformation matrix T [32]. Decomposing the 

current of phase, an into sequence component results in (4). 

 

𝑖𝑎(𝑡) = 𝑖𝑜(𝑡) + 𝑖+(𝑡) + 𝑖−(𝑡) (4) 

 

According to (3), (4) can be rewritten as (5). 

 

𝑖𝑎(𝑡) =
1

√2
[(𝐼𝑜𝑒𝑗𝜔𝑡 + 𝐼𝑜∗𝑒−𝑗𝜔𝑡) + (𝐼+𝑒𝑗𝜔𝑡 + 𝐼−∗𝑒−𝑗𝜔𝑡) + (𝐼−𝑒𝑗𝜔𝑡 + 𝐼+∗𝑒−𝑗𝜔𝑡)] (5) 

 

Equation (5), expresses the instantaneous current of phase a as a sum of zero, positive and negative 

sequences. Apart the zero-sequence term, the other two sequences are expressed as the sum of the time 

function of the sequence itself plus the conjugate of opposite sequence. However, according to (1), capacitor 

current, 𝑖𝐶1(𝑡), requires expressions for, 𝑖𝑏(𝑡) and 𝑖𝑐(𝑡). These currents can be obtained by simply rotating 

the positive and negative sequences by, 𝛼 or 𝛼2, while the zero sequence is identical in all phases [32]. 

Therefore, the AC content of the upper capacitor at the fundamental frequency and in terms of the 

instantaneous sequence current is expressed as (6),  
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𝑖̃𝐶1 = 3𝑖𝑜(𝑡) + 𝑖+(𝑡) + 𝑖−(𝑡) + 𝛼2𝑖+(𝑡) + 𝛼𝑖−(𝑡) + 𝛼𝑖+(𝑡) + 𝛼2𝑖−(𝑡) (6) 

 

 

 
 

where, 𝑖̃𝐶1 is the capacitor current AC content. Here, (6) considers the AC content depicted from (1). 

Furthermore, each time function sequence current can be substituted by the complex conjugate representation 

of (3). This completes the representation of capacitor current in terms of phase sequence components. 

 

 

 
 

Figure 1. Three-phase three-level neutral point clamed converter with unbalanced load 

 

 

2.2.  Two dimensional Fourier coefficients of phase current based on symmetrical components 

In this section, the aim is to derive the two-dimensional Fourier coefficients for the phase current of 

the 3L-NPC when supplying a non-balanced load at the output terminals. The two-dimension Fourier 

representation is expressed as [28], 

 

𝑓(𝑥, 𝑦) =
𝐴𝑜𝑜

2
+ ∑ (𝐴𝑜𝑛 𝑐𝑜𝑠(𝑛𝑦)∞

𝑛=1 + 𝐵𝑜𝑛 𝑠𝑖𝑛(𝑛𝑦)) + ∑ (𝐴𝑚𝑜 𝑐𝑜𝑠(𝑚𝑥) ∞
𝑚=1 + 𝐵𝑚𝑜 𝑠𝑖𝑛(𝑚𝑥))) +

                               ∑ ∑ (𝐴𝑚𝑛 𝑐𝑜𝑠(𝑚𝑥 + 𝑛𝑦)∞
𝑛=−∞

𝑛≠0
+ 𝐵𝑚𝑛 𝑠𝑖𝑛(𝑚𝑥 + 𝑛𝑦))∞

𝑚=1  (7) 

 

where, the real/imaginary parts of the Fourier coefficients and the two periodic time variables x and y are 

defined as [28], 

 

𝐶𝑚𝑛 = 𝐴𝑚𝑛 + 𝑗𝐵𝑚𝑛 =
1

2𝜋2 ∫ ∫ 𝑓(𝑥, 𝑦)𝑒𝑗(𝑚𝑥+𝑛𝑦)𝑑𝑥𝑑𝑦
𝜋

−𝜋

𝜋

−𝜋
 (8) 

 

𝑥 = 𝜔𝑐𝑡, 𝑦 = 𝜔𝑜𝑡 (9) 

 

here, 𝜔𝑐 and 𝜔𝑜 are the angular frequency of the carrier and low frequency modulating waveform of the 

PWM technique respectively. The coefficients 𝐴𝑜𝑛 and 𝐵𝑜𝑛 are the amplitudes of the baseband harmonics, 

Phase a Phase b Phase c All phases  
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whereas 𝐴𝑚𝑜 and 𝐵𝑚𝑜 are amplitudes of carrier based harmonics and 𝐴𝑚𝑛 and 𝐵𝑚𝑛 are coefficients of 

sidebands harmonics around the carrier harmonics respectively [28]. 

In [28] the spectrum of the output voltage from the NPC is derived for different PWM schemes, for 

which f(x,y) in (8) represents the various levels in the output voltage. However, in [30], this function 

represented the maximum current of a single converter leg, which is equal in all phase since the load 

considered is balanced. In this work, current is not equal in the phases of load and therefore 𝑖𝑏 (𝑡) and 𝑖𝑐  (𝑡) 

contribute to the spectrum of the capacitor current. Computation wise, it is much simpler to consider 

coefficients of one phase and then broaden the results to include the other two phases. In that aspect, recalling 

(4), phase a current is defined in terms of symmetrical components. Therefore, f(x,y) for this phase is defined 

for each sequence component as (10),  

 

𝑓𝑎
𝑜(𝑥, 𝑦) = 𝑖𝑜(𝑡), 𝑓𝑎

+(𝑥, 𝑦) = 𝑖+(𝑡) 𝑎𝑛𝑑  𝑓𝑎
−(𝑥, 𝑦) = 𝑖−(𝑡)   (10) 

 

Equation (8) is rewritten considering the definitions in (10) as (11), 

 

𝐶𝑚𝑛𝑎 =
1

2𝜋2 [∫ ∫ [𝑓𝑎
𝑜(𝑥, 𝑦) + 𝑓𝑎

+(𝑥, 𝑦)+𝑓𝑎
−(𝑥, 𝑦)]𝑒𝑗(𝑚𝑥+𝑛𝑦)𝑑𝑥𝑑𝑦

𝜋𝐴 cos 𝑦

−𝜋𝐴 cos 𝑦

𝜋

2

−
𝜋

2

−

∫ ∫ [𝑓𝑎
𝑜(𝑥, 𝑦) + 𝑓𝑎

+(𝑥, 𝑦)+𝑓𝑎
−(𝑥, 𝑦)]𝑒𝑗(𝑚𝑥+𝑛𝑦)𝑑𝑥𝑑𝑦

−𝜋(1+𝐴 cos 𝑦)

−𝜋

−
𝜋

2
−𝜋

+  

∫ ∫ [𝑓𝑎
𝑜(𝑥, 𝑦) + 𝑓𝑎

+(𝑥, 𝑦)+𝑓𝑎
−(𝑥, 𝑦)]𝑒𝑗(𝑚𝑥+𝑛𝑦)𝑑𝑥𝑑𝑦

𝜋

𝜋(1+𝐴 cos 𝑦)

−
𝜋

2
−𝜋

∓ +  

∫ ∫ [𝑓𝑎
𝑜(𝑥, 𝑦) + 𝑓𝑎

+(𝑥, 𝑦)+𝑓−(𝑥, 𝑦)]𝑒𝑗(𝑚𝑥+𝑛𝑦)𝑑𝑥𝑑𝑦
−𝜋(1+𝐴 cos 𝑦)

−𝜋

𝜋
𝜋

2

+  

∫ ∫ [𝑓𝑎
𝑜(𝑥, 𝑦) + 𝑓𝑎

+(𝑥, 𝑦)+𝑓𝑎
−(𝑥, 𝑦)]𝑒𝑗(𝑚𝑥+𝑛𝑦)𝑑𝑥𝑑𝑦

𝜋

𝜋(1+𝐴 cos 𝑦)

𝜋
𝜋

2

]  (11) 

 

where, 𝐶𝑚𝑛𝑎 is the general Fourier coefficient of phase a, and A is the modulation index. Equation (11) is 

based on a 3L-NPC with natural sampling PD-PWM scheme where the integral limits defines the boundaries 

where f(x,y) is constant [28]. Voltage wise, there are three zones on the x, y contour, which corresponds to, 

𝑉𝐷𝐶 , 0 and −𝑉𝐷𝐶 , where f(x,y) is constant as illustrated in [28]. However, since the function represents a 

current, then the zone which reflects a current flow from the converter side to the load is considered only 

[30]. Hence, with respect to (11), only the first term is considered and is rewritten based on (5) and (10) to 

yield a general Fourier coefficient of, 

 

𝐶𝑚𝑛𝑎 =
1

2√2𝜋2 [∫ ∫ (𝐼𝑜𝑒𝑗𝑦 + 𝐼𝑜∗𝑒−𝑗𝑦)𝑒𝑗(𝑚𝑥+𝑛𝑦)𝑑𝑥𝑑𝑦
𝜋𝐴 cos 𝑦

−𝜋𝐴 cos 𝑦

𝜋

2

−
𝜋

2

+ ∫ ∫ (𝐼+𝑒𝑗𝑦 +
𝜋𝐴 cos 𝑦

−𝜋𝐴 cos 𝑦

𝜋

2

−
𝜋

2

𝐼−∗𝑒−𝑗𝑦)𝑒𝑗(𝑚𝑥+𝑛𝑦)𝑑𝑥𝑑𝑦 + ∫ ∫ (𝐼−𝑒𝑗𝑦 + 𝐼+∗𝑒−𝑗𝑦)𝑒𝑗(𝑚𝑥+𝑛𝑦)𝑑𝑥𝑑𝑦
𝜋𝐴 cos 𝑦

−𝜋𝐴 cos 𝑦

𝜋

2

−
𝜋

2

] (12) 

 

According to (12), the Fourier coefficient, 𝐶𝑚𝑛𝑎 has a contribution from zero, positive and negative sequence 

currents. These are denoted as, 𝐶𝑚𝑛𝑎
𝑜 , 𝐶𝑚𝑛𝑎

+ , and 𝐶𝑚𝑛𝑎
−  respectively. Furthermore, apart from the zero 

sequence, these sequence coefficients are not explicit since the positive and negative components appear as 

complex conjugates. The zero sequence Fourier coefficients derivations are shown below for baseband, 

carrier and sideband harmonics. Formulas for positive and negative coefficients are provided without 

derivation since they follow a similar procedure. The coefficient, 𝐶𝑜
𝑚𝑛𝑎, with n=0 and m=0 is,  

 

𝐶00𝑎
𝑜 =

1

2√2𝜋2 ∫ [2𝐼𝑜𝜋𝐴 cos(𝑦)𝑒𝑗𝑦
𝜋

2

−
𝜋

2

+ 2𝐼𝑜∗𝜋𝐴 cos(𝑦)𝑒−𝑗𝑦]𝑑𝑦 =
𝐴

2√2
(𝐼𝑜 + 𝐼𝑜∗) (13) 

 

Equation (13) provides the average Fourier coefficient for the zero-sequence current which is equal to that of 

phase b and c. The harmonic content due to the carrier only, n=0 and m=1, 2, 3, 4,….  

 

𝐶𝑚0𝑎
𝑜 =

1

√2𝜋2𝑚
∫ [𝐼𝑜𝑒𝑗𝑦 sin(𝜋𝐴𝑚 cos(𝑦)) + 𝐼𝑜∗𝑒−𝑗𝑦 sin(𝜋𝐴𝑚 cos(𝑦))]𝑑𝑦

𝜋

2

−
𝜋

2

 (14) 

 

Equation (14) shows a sine function with a cosine function argument in both zero-sequence phasor and its 

complement. This function is expressed as (15). 

 

sin(𝜋𝐴𝑚 cos(𝑦)) = 𝐼𝑚𝑎𝑔 (𝑒𝑗𝜋𝐴𝑚𝑐𝑜𝑠(𝑦)) (15) 
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This exponent can be expanded into a Bessel series defined as [28], [33], 

 

𝐼𝑚𝑎𝑔 (𝑒𝑗𝜋𝐴𝑚𝑐𝑜𝑠(𝑦)) = 2 ∑ (−1)𝑘𝐽2𝑘+1(𝜋𝐴𝑚) cos(2𝑘 + 1)𝑦∞
𝑘=0  (16) 

 

where 𝐽(𝜋𝐴𝑚)2𝑘+1: is the Bessel function of order 2k+1. Substitution of (16) into (14) gives, 

 

𝐶𝑚0𝑎
𝑜 =

2

√2𝜋2𝑚
∫ [𝐼𝑜𝑒𝑗𝑦 ∑ (−1)𝑘𝐽2𝑘+1(𝜋𝐴𝑚) cos(2𝑘 + 1)𝑦∞

𝑘=0 +
𝜋

2

−
𝜋

2

𝐼𝑜∗𝑒−𝑗𝑦 ∑ (−1)𝑘𝐽2𝑘+1(𝜋𝐴𝑚) cos(2𝑘 + 1)𝑦∞
𝑘=0 ]𝑑𝑦 (17) 

 

The integral in (17) has a non-zero value only at k=0. Therefore, 𝐶𝑚0𝑎
𝑜 , is given by (18), 

 

𝐶𝑚0𝑎
𝑜 =

−1

√2𝜋𝑚
[𝐼𝑜𝐽1(𝜋𝐴𝑚) + 𝐼𝑜∗𝐽1(𝜋𝐴𝑚)] (18) 

 

Content from baseband harmonics with 𝑚 = 0 𝑎𝑛𝑑 𝑛 ≠ 0, 
 

𝐶0𝑛𝑎
𝑜 =

𝐴

√2𝜋
∫ [ 𝐼𝑜𝑒𝑗(𝑛+1)𝑦𝑐𝑜𝑠 (𝑦) + 𝐼𝑜∗𝑒𝑗(𝑛−1)𝑦𝑐𝑜𝑠 (𝑦)]𝑑𝑦

𝜋

2

−
𝜋

2

  (19) 

 

Which yields a compact form of, 

 

𝐶0𝑛𝑎
𝑜 =

2𝐴

√2𝜋
[

𝐼𝑜(cos(
𝜋𝑛

2
)−𝑗 sin(

𝜋𝑛

2
))(sin(𝜋𝑛)−𝑗 cos(𝜋𝑛)+𝑗)  

𝑛(𝑛+2)
+

𝐼𝑜∗(cos(
𝜋𝑛

2
)−𝑗 sin(

𝜋𝑛

2
))(sin(𝜋𝑛)−𝑗 cos(𝜋𝑛)+𝑗)  

𝑛(𝑛−2)
 (20) 

 

The content from sidebands harmonic with m=1, 2, 3 and n≠0, but 𝑛 is either odd or even, 

 

𝐶𝑚𝑛𝑎
𝑜 =

1

2√2𝜋2 [∫ ∫ (𝐼𝑜𝑒𝑗𝑦(𝑛+1)𝑒𝑗𝑚𝑥 + 𝐼𝑜∗𝑒𝑗𝑦(𝑛−1)𝑒𝑗𝑚𝑥)𝑑𝑥𝑑𝑦
𝜋𝐴 cos 𝑦

−𝜋𝐴 cos 𝑦

𝜋

2

−
𝜋

2

  (21) 

 

Performing the first integration yields and substituting (16) gives, 

 

𝐶𝑚𝑛𝑎
𝑜 =

2

√2𝜋2𝑚
∫ [𝐼𝑜𝑒𝑗𝑦(𝑛+1) ∑ (−1)𝑘𝐽2𝑘+1(𝜋𝐴𝑚) cos(2𝑘 + 1)𝑦∞

𝑘=0 +
𝜋

2

−
𝜋

2

𝐼𝑜∗𝑒𝑗𝑦(𝑛−1) ∑ (−1)𝑘𝐽2𝑘+1(𝜋𝐴𝑚) cos(2𝑘 + 1)𝑦∞
𝑘=0 ]𝑑𝑦 (22) 

 

Carrying out the final integration, the zero-sequence side band Fourier coefficients is expressed as (23),  

 

𝐶𝑚𝑛𝑎
𝑜 =

2

√2𝜋2𝑚
∑ (−1)𝑘𝐽2𝑘+1(𝜋𝐴𝑚)∞

𝑘=0   

                           {𝐼𝑜[
−(2𝑐𝑜𝑠(𝜋𝑘)𝑇1 − 2𝑇2𝑠𝑖𝑛(𝜋𝑘) + 4𝑘𝑇1𝑐𝑜𝑠(𝜋𝑘) − 2𝑛𝑇2𝑠𝑖𝑛(𝜋𝑘)

(4𝑘2+ 4𝑘 − 𝑛2 − 2𝑛)
] +

𝐼𝑜∗[
(2𝑐𝑜𝑠(𝜋𝑘)𝑇1+ 2𝑇2sin (𝜋𝑘) + 4𝑘𝑇1cos (𝜋𝑘) − 2𝑛𝑇2sin (𝜋𝑘)

(4𝑘2+ 4𝑘 − 𝑛2+ 2𝑛)
]} (23) 

 

where, 𝑇1 = sin(𝜋𝑛 2) ⁄ and 𝑇2 = cos(𝜋𝑛 2) ⁄ . 

Equation (23) is valid for odd and even values of 𝑛. Therefore, 𝐶𝑚𝑛𝑎
𝑜 , represents the current 

amplitude of a sideband harmonic due to the flow of zero sequence current. Sideband orders that result in 

infinite amplitudes for certain values of 𝑘, are treated by considering the limit for the zero sequence and 

conjugate terms. Finally, the Fourier coefficients corresponding to positive and negative sequence currents 

components are shown below for carrier, baseband and sidebands. Equations (24)-(26) are extension of 

expressions in (18), (20) and (23) but they reflect contribution from positive and negative sequence currents. 

 

𝐶𝑚0𝑎
+(−)

=
−1

√2𝜋𝑚
[𝐼+(−)𝐽1(𝜋𝐴𝑚) + 𝐼−(+)∗𝐽1(𝜋𝐴𝑚)] (24) 

 

𝐶0𝑛𝑎
+(−)

=
2𝜋𝐴

√2𝜋2 [
𝐼 +(−)(cos(

𝜋𝑛

2
)−𝑗 sin(

𝜋𝑛

2
))(sin(𝜋𝑛)−𝑗 cos(𝜋𝑛)+𝑗)  

𝑛(𝑛+2)
+  

𝐼 −(+)∗(cos(
𝜋𝑛

2
)−𝑗 sin(

𝜋𝑛

2
))(sin(𝜋𝑛)−𝑗 cos(𝜋𝑛)+𝑗)  

𝑛(𝑛−2)
 (25) 
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𝐶𝑚𝑛𝑎
+(−)

=
2

√2𝜋2𝑚
∑ (−1)𝑘𝐽2𝑘+1(𝜋𝐴𝑚)∞

𝑘=0   

                           {𝐼+(−)[
−(2𝑐𝑜𝑠(𝜋𝑘)𝑇1 − 2𝑇2𝑠𝑖𝑛(𝜋𝑘) + 4𝑘𝑇1𝑐𝑜𝑠(𝜋𝑘) − 2𝑛𝑇2𝑠𝑖𝑛(𝜋𝑘)

(4𝑘2+ 4𝑘 − 𝑛2 − 2𝑛)
] +

𝐼 −(+)∗[
(2𝑐𝑜𝑠(𝜋𝑘)𝑇1+ 2𝑇2sin (𝜋𝑘) + 4𝑘𝑇1cos (𝜋𝑘) − 2𝑛𝑇2sin (𝜋𝑘)

(4𝑘2+ 4𝑘 − 𝑛2+ 2𝑛)
]} (26) 

 

Equations (18), (20), (23), (24), (25) and (26) express Fourier coefficients corresponding to each sequence 

for phase a current. Fourier coefficients for the remaining two phases involves only shifting the coefficients 

of positive and negative sequences by 𝛼 or α2 (at fundamental frequency) with the zero sequence coefficients 

remaining the same in all phases. 

 

2.3.  Determination of capacitor current spectrum/resultant coefficients 

The coefficients determined in the preceding section represent the amplitudes of the spectrum for 

each sector in phase a current. To proceed to the capacitor current spectrum, it is necessary to obtain the 

resultant coefficients for every sector of the spectrum. The latter can be determined with reference to (6), for 

example since, total zero sequence in the capacitor current is three times that of the reference phase, then the 

zero-sequence coefficient is also three times that of reference phase a. Positive and negative sequence 

coefficients of the capacitor current spectrum can be obtained in terms of the reference phase coefficients. If 

𝐶𝑚𝑛 defines the resultant Fourier coefficient of a sector, then this coefficient is expressed as (27), 

 

𝐶𝑚𝑛 = 𝐶𝑚𝑛𝑎
𝑜 + 𝐶𝑚𝑛𝑎

+ + 𝐶𝑚𝑛𝑎
− + 𝐶𝑚𝑛𝑏

𝑜 + 𝐶𝑚𝑛𝑏
+ + 𝐶𝑚𝑛𝑏

− + 𝐶𝑚𝑛𝑐
𝑜 + 𝐶𝑚𝑛𝑐

+ + 𝐶𝑚𝑛𝑐
−  (27) 

 

Coefficients of phase b and c are 𝛼 shifted versions of their counterparts for phase a, hence for 𝑛 order of the 

nominal frequency, 𝐶𝑚𝑛 can be written as (28), 

 

𝐶𝑚𝑛 = 3𝐶𝑚𝑛𝑎
𝑜 + 𝐶𝑚𝑛𝑎

+ + 𝐶𝑚𝑛𝑎
− + 𝛼2𝑛𝐶𝑚𝑛𝑎

+ + 𝛼𝑛𝐶𝑚𝑛𝑎
− + 𝛼𝑛𝐶𝑚𝑛𝑎

+ + 𝛼2𝑛𝐶𝑚𝑛𝑎
−  (28) 

 

Regrouping terms in (28) results in, 

 

𝐶𝑚𝑛 = 3𝐶𝑚𝑛𝑎
𝑜 + (1 + 𝛼𝑛 + 𝛼2𝑛)𝐶𝑚𝑛𝑎

+ + (1 + 𝛼𝑛 + 𝛼2𝑛)𝐶𝑚𝑛𝑎
−  (29) 

 

Equation (29) provides the capacitor current amplitudes for a general sector of the spectrum. When 

determining amplitudes of the baseband harmonics (or baseband sector), the coefficient of (29) become, 𝐶0𝑛. 

If the carrier harmonics are required, the coefficient is, 𝐶𝑚0. For the sideband harmonics left and right of the 

carrier harmonic, the coefficient is naturally, 𝐶𝑚𝑛. 

 

 

3. RESULTS AND DISCUSSION  

In this section, simulations are carried out for the NPC converter under different load conditions. 

The cases considered are balanced, unbalanced grounded and unbalanced ungrounded loads. The main aim is 

to study the frequency content in the capacitor current corresponding to each of the loading condition 

mentioned above. This frequency content involves determination of the two dimensions Fourier coefficients 

based on the proposed method. The converter is controlled through a phase disposition pulse width 

modulation (PD-PWM) scheme with an output phase voltage level of −𝑉𝐷𝐶 , 0, and 𝑉𝐷𝐶  [28]. Parameters for 

the simulations are given in Table 1. The NPC converter is simulated in MATLAB/Simulink platform which 

is shown in Figure 2. 

 

 

Table 1. Parameters of simulations 
Parameter Value  

Main DC voltage input, 𝑉𝐷𝐶 400 V 

Fundamental value of output AC voltage 360 V 

Converter capacitors, C1, C2 1 mF [30] 

ESR for capacitor 0.5 Ω 

Balanced load RMS current, phase shift 63.63 𝐴, 𝜃 = −30𝑜 

Unbalanced load RMS currents, phase shift 

𝐼𝑎 = 63.63 𝐴, 𝜃𝑎 = −30𝑜 

𝐼𝑏 = 106 𝐴, 𝜃𝑏 = −60𝑜 

𝐼𝑐 = 14.14 𝐴, 𝜃𝑐 = −20𝑜 

Nominal frequency of converter output voltage 𝑓 = 60 𝐻𝑧 

Amplitude modulation index A=0.9 

Frequency modulation index 𝑚𝑓 = 100 
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Figure 2. Simulation setup 

 

 

3.1.  Frequency content of capacitor current for balanced grounded load 

In this case the load is balanced, output voltage (phase and line to line), load current, capacitor 

current and voltage are shown in Figures 3(a), 3(b), 3(c), and 3(d) respectively. Here, the capacitor current 

shows a non-sinusoidal behavior due to the harmonic content, which is analyzed by the two-dimensional 

Fourier series. Zero sequence current is equal to zero and hence the coefficient, 𝐶𝑚𝑛𝑎
𝑜  has very small value. 

This small value is attributed to the imbalances caused by the neutral point of the converter capacitors. 

Spectrum of sequence currents (for reference phase a) is shown in Figures 4(a) to 4(i), which is represented 

by, 𝐶𝑚𝑛𝑎
𝑜 ,  𝐶𝑚𝑛𝑎

+ , and 𝐶𝑚𝑛𝑎
− . Although, no negative sequence current exists in this case, however, 𝐶𝑚𝑛𝑎

− , has 

values for all spectrum sectors as shown in Figures 4(d), 4(e) and 4(f). This is attributed to the conjugate of 

positive sequence current, 𝐼 +∗ for different cases of 𝑛 and 𝑚, as defined by (24) to (26). At the phase level, it 

is reported that in the baseband sector, a 60 HZ component is present, other harmonics are odd multiples of 

the fundamental frequency and no even multiples exist at this sector of the spectrum. At the carrier sector, 

with m=1, a singular harmonic exists, defined by the coefficients, 𝐶10𝑎
+  & 𝐶10𝑎

−  and for m=2, harmonics are 

defined by coefficients, 𝐶20𝑎
+  & 𝐶20𝑎

− . Here, the coefficients for positive and negative sequence are equal in 

magnitude. This can be verified by revisiting (24), where the positive sequence coefficient is,  

𝐶𝑚0𝑎
+ =

−1

√2𝜋𝑚
[𝐼+𝐽1(𝜋𝐴𝑚) + 𝐼−∗𝐽1(𝜋𝐴𝑚)], the second term is zero since no negative sequence current exits 

(the load being balanced). As for the negative sequence coefficient, 𝐶𝑚0𝑎
− =

−1

√2𝜋𝑚
[𝐼−𝐽1(𝜋𝐴𝑚) +

𝐼+∗𝐽1(𝜋𝐴𝑚)], here the first term is zero, hence the magnitude of the carrier harmonic coefficient is the same 

for each sequence. Odd and even side bands exist around the carrier harmonics reflected by the coefficients, 

 𝐶𝑚𝑛𝑎
+  and 𝐶𝑚𝑛𝑎

−  at m=1, 2. 

 

 

 
 

Figure 3. NPC voltages and currents for balanced load, (a) phase and line-line output voltage,  

(b) load currents, (c) upper capacitor current, and (d) capacitor voltage 
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Figure 4. Spectrum per sequence current of phase a for balanced load, (a) baseband sector for zero sequence, 

(b) carrier and sidebands sector for zero sequence, m=1, (c) carrier and sidebands sector for zero sequence, 

m=2, (d) baseband sector for positive sequence, (e) carrier and sidebands sector for positive sequence, m=1, 

(f) carrier and sidebands sector for positive sequence, m=2, (g) baseband sector for negative sequence, (h) 

carrier and sidebands sector for negative sequence, m=1, and (i) carrier and sidebands sector for negative 

sequence, m=2 

 

 

The capacitor current spectrum per sector is shown in Figure 5. If the baseband sector is considered, 

with reference to Figure 5(a), amplitudes are marked by either i or ii. For the first amplitude i, this represents 
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current amplitude at the fundamental frequency. What is interesting is that although this low frequency 

amplitude exists at the phase level, it is nearly diminished in the capacitor current. This can be verified by 

considering (29). At this amplitude, where, n=1, (1 + 𝛼𝑛 + 𝛼2𝑛) = 0, hence positive and negative sequence 

coefficients of (29) are nullified, resulting in, 𝐶01 = 3𝐶01𝑎
𝑜 , where 𝐶01𝑎

𝑜  is very small for all sectors of the 

spectrum as depicted in Figures 4(a) to 4(c). As for second and third amplitudes denoted by i, these are zero, 

since they correspond to harmonics with 𝑛 = 5.7 where the value of the above identity for 𝛼 is null. This 

means, 𝐶05 = 𝐶07 = 0. Coefficients in the baseband marked with ii, are those associated with harmonics of 

orders, 𝑛 = 3.9. Here, the identity, (1 + 𝛼𝑛 + 𝛼2𝑛) = 3 and hence coefficients for these orders are equal to, 

𝐶03 = 3𝐶03𝑎
+ + 3𝐶03𝑎

−  𝑎𝑛𝑑 𝐶09 = 3𝐶09𝑎
+ + 3𝐶09𝑎

−  (zero coefficient is nearly zero). 

For the carrier sector, defined by coefficient, 𝐶10, and 𝐶20 shown in Figures 5(b) and 5(c) 

respectively, these coefficients are evaluated by (29), by setting, n=0. This yields, (1 + 𝛼𝑛 + 𝛼2𝑛) = 3. 

Hence, 𝐶10 = 3𝐶10𝑎
+ + 3𝐶10𝑎

−  and, 𝐶20 = 3𝐶20𝑎
+ + 3𝐶20𝑎

− . The sidebands around the carrier harmonic are 

classified as odd or even depending on the value of 𝑛. In addition, the value n determines whether a  

sideband exist or not. Reference to Figure 5(b), the first odd sideband, defined by the coefficient, 𝐶11, with a 

frequency of, 𝑓 = 𝑚 ∗ (𝑚𝑓 × 𝑓) ± 𝑛 ∗ 𝑓 = 5,940 HZ and 6,060 HZ, is zero since, for n=1 the identity,  

(1 + 𝛼𝑛 + 𝛼2𝑛) = 0. Only at n=3, an odd sideband attains a non-zero value. This sideband has a coefficient 

given by, 𝐶13 = 3𝐶13𝑎
+ + 3𝐶13𝑎

− . Other odd sideband with non-zero value is at, n=9. For even sidebands, at, 

𝑛 = 2.4 which corresponds to frequencies of, 6,000±120 HZ and 6,000±240 HZ, the identity, (1 + 𝛼𝑛 +
𝛼2𝑛) = 0 and hence, 𝐶12 = 𝐶14 = 0. The first even sideband appears at 𝑛 = 6, where (1 + 𝛼𝑛 + 𝛼2𝑛) = 3 

and hence the coefficient is given by,  𝐶16 = 3𝐶16𝑎
+ + 3𝐶16𝑎

− . Other even sidebands are zero. 

It is worth mentioning here, that above discussion also holds for, m=2 as far as the order of the odd 

and even sidebands are concerned. However, the value of the coefficients differs from the, m=1, sector since 

the amplitudes depend on the value of 𝑚. The analysis in this section revels the same result as these reported 

in [30] and will serve as a reference when considering unbalanced loading in the following sections. 

 

 

 
 

Figure 5. Spectrum of capacitor current based on combined sequence spectrum for balanced load, (a) base 

band, (b) carrier and sidebands at m=1, and (c) carrier and sidebands at m=2 

 

 

3.2.  Frequency content of capacitor current for unbalanced grounded load 
This part of the simulation considers the case of unbalanced load with a ground path. 

Figures 6(a) to 6(d) represents the output voltage, current, capacitor current and voltage respectively for this 

load condition. In this scenario, negative and zero sequence currents exist and will contribute to all Fourier 

coefficients in the different sectors of the spectrum. For the zero sequence coefficients at the baseband sector 

of phase a current, harmonics have identical positions; however, amplitudes are very high compared to the 

balanced load scenario, as shown in Figure 7(a). This also holds for the carrier and sideband harmonics at, 

𝑚 = 1 and 2, which are shown in Figures 7(b) and 7(c) respectively. Furthermore, the baseband sector, 

corresponding to positive sequence current, contains harmonic amplitudes that are significantly larger than 

those of the balanced load case, especially for low order harmonics as shown in Figure 7(d). For example, 

phase a current has, 60 Hz, amplitude of approximately 24.9 A compared to only 8.8 A for the balanced  

load case. This increase is due to the conjugate current of the negative sequence, 𝐼−∗, which exists due to  
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the unbalanced nature of the load. Other sectors of the spectrum exhibit a similar increase as depicted in 

Figures 7(e) and 7(f). Fourier coefficients corresponding to the negative sequence current, for each spectrum 

sector, are shown in Figures 7(g) to 7(i). For this case, the amplitudes also show an increase compared to that 

of the balanced case. 

 

 

 
 

Figure 6. NPC voltages and currents for unbalanced/grounded load, (a) phase and line-line output voltage,  

(b) load currents, (c) upper capacitor current, and (d) capacitor voltage 

 

 

The capacitor current spectrum for this type of loading is shown in Figures 8(a) to 8(c) for all 

sectors. The coefficient, 𝐶01 (first amplitude marked with i), which represent a 60 HZ amplitude, has very 

high value, approximately 34.8 A when compared to approximately zero in the balanced case. This can be 

explained with reference to (29), where, (1 + 𝛼𝑛 + 𝛼2𝑛)𝐶01𝑎
+ = (1 + 𝛼𝑛 + 𝛼2𝑛)𝐶01𝑎

− = 0, resulting in, 

𝐶01 = 3𝐶01𝑎
𝑜 . And since the zero sequence coefficients are heavily present in this type of loading, the 

fundamental frequency amplitude appears with a high amplitude in the capacitor spectrum, this analyses also 

holds for other amplitude marked as i in Figure 8(a). These amplitudes, specially, 𝐶01, will significantly 

affect the capacitor current and resulting voltage ripple in the capacitor of the NPC converter. It is worth 

mentioning here, that; 𝐶03 and 𝐶09 , amplitudes that are marked with ii in Figure 8(a), undergo minor value 

change compared to that of the balanced case. Carrier sector, with, 𝑚 = 1 and 𝑛 = 0, shown in Figure 8(b), 

which is, 𝐶10 = 3𝐶10𝑎
𝑜 + 3𝐶10𝑎

+ + 3𝐶10
− , yet this coefficient undergoes minor value changes when comparing 

it with the corresponding coefficient for the balanced case. It is interesting to note that the sidebands sector is 

packed with harmonics that were zero in the balanced case. 

These are depicted in Figures 8(b) and 8(c) for m=1 and 2 respectively. As an example, amplitude, 

𝐶11, is zero in the balanced load case, but for unbalanced grounded load, 𝐶11 ≈ 4 𝐴. This is due to the 

presence of the zero-sequence component in each of the phase current, hence, 𝐶11 = 3𝐶11𝑎
𝑜 . Even sidebands 

at, 𝑛 = 2,4, have also zero amplitudes in balanced case, but now have values again due to the zero-sequence 

coefficient of each phase. Therefore, 𝐶12 = 3𝐶12𝑎
𝑜  and 𝐶14 = 3𝐶14𝑎

𝑜 . The forgoing discussions are also held 

for carrier and sidebands sector for the case of, m=2. The analysis clearly indicates that the capacitor current 

will accommodate several harmonics. These will in turn significantly affect the rms value of this current. 

 

3.3.  Frequency content of capacitor current for unbalanced ungrounded load 

For this part, a three-wire unbalanced load is considered. Since the neutral wire does not exist, no 

zero sequence current flows [32]. Therefore, the spectrum of the capacitor current is restructured compared to 

that of section 3.2 above. The outputs of the converter and capacitor voltage and current are shown in  

Figures 9(a) to 9(d). Although zero sequence Fourier coefficients are non-existence as it is evident from  

Figures 10(a) to 10(c), negative sequence coefficients are present due to the negative sequence current. At the 

phase level, baseband harmonics have the same positions as the case of the balanced load, yet values are 

higher due to the existence of the negative sequence current and it is conjugated as shown in Figure 10(d). 

Carrier and sidebands sectors for this type of load show a change in magnitude for the current amplitudes as 
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depicted in Figures 10(e) and 10(f). The analysis for negative sequence coefficients of the reference phase 

follows the same route as for the unbalanced load conditions. 

 

 

 
 

 
 

 
 

Figure 7. Spectrum per sequence current of phase a for unbalanced/grounded load, (a) baseband sector for 

zero sequence, (b) carrier and sidebands sector for zero sequence, m=1, (c) carrier and sidebands sector for 

zero sequence, m=2, (d) baseband sector for positive sequence, (e) carrier and sidebands sector for positive 

sequence, m=1, (f) carrier and sidebands sector for positive sequence, m=2, (g) baseband sector for negative 

sequence, (h) carrier and sidebands sector for negative sequence, m=1, and (i) carrier and sidebands sector 

for negative sequence, m=2 
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Figure 8. Spectrum of capacitor current based on combined sequence spectrum for unbalanced/grounded 

load, (a) base band, (b) carrier and sidebands at m=1, and (c) carrier and sidebands at m=2 

 

 

 
 

Figure 9. NPC voltage and current for unbalanced/ungrounded load, (a) phase and line-line output voltage, 

(b) load currents, (c) upper capacitor current, and (d) capacitor voltage 

 

 

Figure 11 shows the capacitor current spectrum for this case. The main difference from the 

unbalanced/grounded load condition, is that all amplitudes that are of zero sequence nature are nullified. For 

example, at the baseband, 𝐶01 = 3𝐶01𝑎
𝑜  is now zero since, 𝐶01𝑎

𝑜 = 0. Amplitudes that are non-zero sequence 

are still present such as, 𝐶03𝑎𝑛𝑑 𝐶09 , which are marked by i in Figure 11(a), but of relatively high magnitude 

as the result of the vector sum of 3𝐶03𝑎
+  and 3𝐶03𝑎

− , 3𝐶09𝑎
+  and 3𝐶09𝑎

− . Moving on to the carrier and sidebands 

sector, it is evident from Figure 11(b) that all zero sequence sidebands, odd or even are nullified in the 

capacitor current for this kind of loading, leaving only sidebands that are function of both positive and 

negative sequences only. Naturally, the same behavior is encountered for the sector of, m=2, as shown in 

Figure 11(c). The spectrum developed for this type of load is less dense as far as the harmonic content is 

concerned. Comparing this case with that of unbalanced grounded load, the rms current for the capacitor is 

less due to the nullified harmonics. 
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Figure 10. Spectrum per sequence current of phase a for unbalanced/ungrounded load, (a) baseband sector for 

zero sequence, (b) carrier and sidebands sector for zero sequence, m=1, (c) carrier and sidebands sector for 

zero sequence, m=2, (d) baseband sector for positive sequence, (e) carrier and sidebands sector for positive 

sequence, m=1, (f) carrier and sidebands sector for positive sequence, m=2, (g) baseband sector for negative 

sequence, (h) carrier and sidebands sector for negative sequence, m=1, and (i) carrier and sidebands sector 

for negative sequence, m=2 
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Figure 11. Spectrum of capacitor current based on combined sequence spectrum for unbalanced/ungrounded 

load, (a) base band, (b) carrier and sidebands at m=1, and (c) carrier and sidebands at m=2 

 

 

3.4.  Capacitor current formula and voltage ripple analysis 

Based on the above simulation results, it is a trivial process to find the NPC capacitor current for 

each loading condition. The formula for capacitor current is based on the coefficients of the two dimensional 

Fourier series [28] found for each loading condition. Formulas in this section are presented considering  

𝑚 = 1.2 for carrier wave and 𝑛 = 1: 9 harmonics for the low frequency wave of the PWM. From the 

spectrum of Figure 4, the capacitor current formula, for balanced load is, 

 

𝑖
𝐶1−

𝐵𝑎𝑙
𝐺𝑟

= 24.3179𝑒𝑗(3𝜔𝑜𝑡+40.893𝑜) + 1.1077𝑒𝑗(9𝜔𝑜𝑡−111.05𝑜) + 30.678𝑒𝑗(𝜔𝑐𝑡+180𝑜) + 

12.604𝑒𝑗(2𝜔𝑐𝑡) + 8.546𝑒𝑗(3𝜔𝑜𝑡+𝜔𝑐𝑡+163.661𝑜) + 1.303𝑒𝑗(9𝜔𝑜𝑡+𝜔𝑐𝑡+163.661𝑜)

+ 8.224𝑒𝑗(3𝜔𝑜𝑡+2𝜔𝑐𝑡−125.538𝑜) + 2.151𝑒𝑗(9𝜔𝑜𝑡+2𝜔𝑐𝑡−118.798𝑜)

+ 1.442𝑒𝑗(6𝜔𝑜𝑡+𝜔𝑐𝑡+32.645𝑜) + 6.617𝑒𝑗(6𝜔𝑜𝑡+2𝜔𝑐𝑡+46.634𝑜) 

 

Hence, for balanced loads fed by the NPC, the AC ripples in the capacitor current are composed from 

baseband, carrier harmonics and sidebands of odd order and one even sideband at n=6. The current 𝑖𝑐1, for 

the unbalanced/grounded load, is found from the simulation results of section 3.2, 

 

𝑖𝐶1−𝑈𝑛𝑏𝑎𝑙/𝐺𝑟 = 34.108𝑒𝑗(𝜔𝑜𝑡+171.1243𝑜) + 24.818𝑒𝑗(3𝜔𝑜𝑡+40.893𝑜) + 1.221𝑒𝑗(5𝜔𝑜𝑡−37.983𝑜)

+ 0.4754𝑒𝑗(7𝜔𝑜𝑡+132.452𝑜) + 1.13𝑒𝑗(9𝜔𝑜𝑡−111.052𝑜) + 31.309𝑒𝑗(𝜔𝑐𝑡+180𝑜)

+ 12.8635𝑒𝑗(2𝜔𝑐𝑡) + 8.738𝑒𝑗(𝜔𝑜𝑡+𝜔𝑐𝑡+159.761𝑜) + 8.722𝑒𝑗(3𝜔𝑜𝑡+𝜔𝑐𝑡+163.661𝑜)

+ 1.303𝑒𝑗(5𝜔𝑜𝑡+𝜔𝑐𝑡−39.194𝑜) + 0.709𝑒𝑗(7𝜔𝑜𝑡+𝜔𝑐𝑡+139.104𝑜)

+ 1.329𝑒𝑗(9𝜔𝑜𝑡+𝜔𝑐𝑡−114.037𝑜) + 4.582𝑒𝑗(𝜔𝑜𝑡+2𝜔𝑐𝑡+5.638𝑜)

+ 8.393𝑒𝑗(3𝜔𝑜𝑡+2𝜔𝑐𝑡−125.538𝑜) + 2.242𝑒𝑗(5𝜔𝑜𝑡+2𝜔𝑐𝑡+177.961𝑜)

+ 0.5927𝑒𝑗(7𝜔𝑜𝑡+2𝜔𝑐𝑡+110.1963𝑜) + 2.195𝑒𝑗(9𝜔𝑜𝑡+2𝜔𝑐𝑡−118.799𝑜)

+ 3.437𝑒𝑗(2𝜔𝑜𝑡+𝜔𝑐𝑡−31.52𝑜) + 3.691𝑒𝑗(4𝜔𝑜𝑡+𝜔𝑐𝑡−21.693𝑜)

+ 1.471𝑒𝑗(6𝜔𝑜𝑡+𝜔𝑐𝑡+32.6455𝑜) + 0.0249𝑒𝑗(8𝜔𝑜𝑡+𝜔𝑐𝑡−18.321𝑜)

+ 3.8264𝑒𝑗(2𝜔𝑜𝑡+2𝜔𝑐𝑡−3.754𝑜) + 1.478𝑒𝑗(4𝜔𝑜𝑡+2𝜔𝑐𝑡−125.198𝑜)

+ 6.753𝑒𝑗(6𝜔𝑜𝑡+2𝜔𝑐𝑡+46.634𝑜) + 0.646𝑒𝑗(8𝜔𝑜𝑡+2𝜔𝑐𝑡−46.634𝑜) 

 

The unbalanced/ungrounded load condition results in a capacitor current which is expressed based on the 

frequency spectrum coefficients of section 3.3 as, 
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𝑖𝐶1−𝑈𝑛𝑏𝑎𝑙/𝑈𝑛𝑔𝑟 = 26.3844𝑒𝑗(3𝜔𝑜𝑡+34.071𝑜) + 1.088𝑒𝑗(9𝜔𝑜𝑡−116.237𝑜) + 37.11𝑒𝑗(𝜔𝑐𝑡+180𝑜)

+ 15.246𝑒𝑗(2𝜔𝑐𝑡) + 10.177𝑒𝑗(3𝜔𝑜𝑡+𝜔𝑐𝑡+167.105𝑜) + 1.294𝑒𝑗(9𝜔𝑜𝑡+𝜔𝑐𝑡−119.73𝑜)

+ 8.568𝑒𝑗(3𝜔𝑜𝑡+2𝜔𝑐𝑡−132.448𝑜) + 2.177𝑒𝑗(9𝜔𝑜𝑡+2𝜔𝑐𝑡−125.142𝑜)

+ 1.6424𝑒𝑗(6𝜔𝑜𝑡+𝜔𝑐𝑡+26.579𝑜) + 7.132𝑒𝑗(6𝜔𝑜𝑡+2𝜔𝑐𝑡+39.584𝑜) 

 

Based on the above capacitor current expressions for each loading condition, the rms capacitor 

current can be calculated and is shown in Table 2. The unbalanced grounded load has the highest rms ripple 

current and this is attributed to the number of ripple components compared to the balanced and 

unbalanced/ungrounded loadings. In the case where no ground path exists, many of the zero sequence ripple 

components are of zero value, hence a decrease in the rms capacitor component is obtained. Capacitor 

voltage ripples can also be evaluated for each case. Voltage ripple in this work is estimated as the peak 

deviation of the NPC capacitor voltage from the nominal DC voltage [30]. Percentage voltage ripples are also 

shown in Table 2, where 𝑉𝑟𝐶1  is the percentage voltage ripple of the upper capacitor. It is clear that as the 

load deviates from balanced conditions, the voltage ripple increases which may result in significant distortion 

of the converter output voltage. At balanced conditions, the capacitor voltage deviation is at 10.303% which 

may be tolerated in practical applications. However, for an unbalanced/grounded load, the deviation jumps to 

22.673% which needs a change in capacitor to decrease the value to a tolerated level. Hence, the analyses 

presented in this work can be employed as a systematic method to evaluate and cure capacitor voltage 

ripples. In that context, the required capacitor value can be easily determined, using the two-dimensional 

Fourier expansion, for a specific load condition with unbalanced characteristics. 

 

 

Table 2. Capacitor current and percentage voltage ripple for loads under study 
Capacitor current/percentage voltage ripple Value  

𝑖𝐶1−𝐵𝑎𝑙/𝐺𝑟  30.704 A 

𝑖𝐶1−𝑈𝑛𝑏𝑎𝑙/𝐺𝑟  40.478 A 

𝑖𝐶1−𝑈𝑛𝑏𝑎𝑙/𝑈𝑛𝑔𝑟  35.836 A 

𝑉𝑟𝐶1−𝐵𝑎𝑙/𝐺𝑟  10.303% 

𝑉𝑟𝐶1−𝑈𝑛𝑏𝑎𝑙/𝐺𝑟  22.673% 

𝑉𝑟𝐶1−𝑈𝑛𝑏𝑎𝑙/𝑈𝑛𝑔𝑟  12.736% 

 

 

4. CONCLUSION  

The load on the 3L-NPC can become unbalanced due to any random effects such as one phase 

switch off or asymmetrical currents in terms of magnitude, phase or both. Therefore, analyzing of the 

capacitor current is a demanding need. One means of analysis is to investigate the harmonic spectrum of the 

capacitor current under unbalanced loading effects. It is shown in this work that the two-dimensional Fourier 

method with symmetrical components decomposition provides a powerful mean to derive the required 

spectrum and document the harmonics content in the converters’ capacitor current. Results in this paper 

verify that the spectrum is not only a function of whether the load is balanced or not but also depends on the 

existence of ground path which adds zero sequence harmonics in all sectors of the spectrum. The latter 

affects both the rms current of the capacitor and voltage ripples. Analysis proposed in this paper documents 

that an unbalanced load with a ground path considerably changes the harmonic spectrum which calls for 

capacitor value variation in order to achieve a tolerated voltage ripple. 
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