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Highlights 

• Two control approaches for DC-Link equalization of a three-level NPC 

are proposed 

• The Digital Scalar PWM is extended to a three-level NPC 

• The proposed control schemes are compared to the multilevel space vector 

PWM 

• DC-Link equalization is achieved successfully at any power factor 

• P-based NPC control minimizes voltage and current ripple on DC-Link 

capacitors
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AbstractEquation Chapter 1 Section 1 

 

Two different control approaches for suppressing DC-link voltage unbalance in Three-Level Neutral-Point 

Clamped Converters (NPCs) are presented in this paper. They both guarantee DC-link voltage equalization 

over any NPC operating conditions, i.e. when the NPC feeds or is supplied by the main AC grid at different 

active and/or reactive power rates. The proposed control approaches consist of either a hysteresis or a 

proportional regulator, each of which synthesizes the most suitable control action based on the actual DC-link 

voltage unbalance. Particularly, two different PWM techniques have been developed in order to achieve DC-

link voltage equalization successfully, preserving NPC voltage and current waveforms at the same time. The 

performances achievable by means of both the proposed control approaches have been compared to each 

other through an extensive simulation study in order to highlight their most important advantages and 

drawbacks, as well as their effectiveness over any operating conditions. Particularly, both control approaches 

are validated in the Matlab-Simulink environment referring to DC-link voltage equalization of an NPC that 

represents the point of common coupling between a DC microgrid and the main AC grid. 

 

Keywords: Multilevel converter, Three-level converter, Neutral-point-clamped converter, Pulse width 

modulation, Digital Scalar PWM, Space Vector PWM, DC-link voltage equalization, Simulations 

1. Introduction 

The three-level Neutral-Point Clamped Converter (NPC) is widely used in industrial 

applications [1]–[3]. This is mainly due to several advantages compared to conventional two-level 

converters, among which lower losses, higher switching frequency, reduced filter size and weight, 

improved reliability and lower costs [4]. These advantages guarantee high performances in a wide 

range of applications, such as renewable energy sources [5], [6], hybrid energy storage systems 

[7]–[10], automotive [10]–[12] and power system management [13]–[15]. Apart from these 

advantages, NPC is characterized by a relatively complex topology, i.e. four switches per leg and 

two DC-link capacitors. However, the increased degrees of freedom compared to conventional 

two-level converters enable appropriate Pulse Width Modulation (PWM) techniques, which can be 

developed in order to increase overall system performances [16], [17]. In particular, apart from 

guaranteeing appropriate reference AC phase and/or chain voltages, most of these techniques are 

able to satisfy further requirements, such as DC-link voltage equalization [13], [18], capacitor 

current and/or voltage ripple reduction [19], [20], Total Harmonic Distortion (THD) and/or 

switching losses minimization [21], [22]. 

                                                           
*
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Among the various PWM approaches for multilevel converters proposed in the literature, 

multilevel carrier-based PWM, selective harmonic elimination and space vector PWM are surely 

the most popular [23]. Multilevel carrier-based PWM generally employs several triangle carriers, 

which are compared to one reference signal in order to synthesize the command signals of each 

switch of a converter leg [23]–[28]. Among these, Sinusoidal PWM (SPWM), which employs 

sinusoidal reference signals, is largely employed in industrial applications. However, either Third 

Harmonic injection PWM (THPWM) and space vector PWM (SV-PWM) can be alternatively 

used, both of which enable an increased DC-link voltage exploitation. Another carrier-based 

multilevel PWM technique is the Sub-Harmonic PWM (SH-PWM) [29], which requires few 

contiguous carriers in order to determine all the switching signals. Switching Frequency Optimal 

PWM (SFO-PWM) [30] is similar to SH-PWM, but a zero-sequence voltage is added to the 

reference signal in order to act as an SV-PWM [31], [32], thus leading to an increased DC-link 

voltage exploitation compared to SH-PWM. In this context, it is worth noting that both SH-PWM 

and SFO-PWM exploit upper and lower switches more than intermediate switches; this drawback 

can be overcome by increasing the frequency of intermediate carriers compared to upper and 

lower carriers. A major issue of multilevel carrier-based PWM occurs when the modulation index 

and, thus, the amplitude of the reference signal is low. In this case, many switches become idle, 

thus the multilevel converter operates with a reduced number of levels. This issue can be 

addressed by exploiting switching state redundancy appropriately; specifically, the reference 

signal can be vertically-shifted from one cycle to the next in order to cross different carriers in 

different cycles. As a result, all the converter levels can be used alternatively over a number of 

cycles, thus the carrier frequency can be increased by only slightly increasing the total switching 

losses [23]. 

The selective harmonic elimination method, also called fundamental switching frequency 

method, is based on the theory proposed in [33], [34]. It consists of selecting the conducting 

angles of each converter leg in order to achieve the reference magnitude of the fundamental 

voltage component, while suppressing the highest number of low-order harmonic components. 

Consequently, reduced filter size and switching losses are achieved by using few commutations 

per cycle [35]–[37]. However, as far as low modulation indexes are concerned, the fundamental 

switching frequency method can only be employed with difficulty. Hence, it can be combined 

with unipolar programmed PWM, leading to a generalized selective harmonic modulation method 

called virtual stage PWM [23]. Further selective harmonic elimination PWMs have been proposed 

in the literature with the aim of improving output voltage waveforms and/or reducing 

computational effort in solving transcendental equations [36]–[38]. In particular, transcendental 

equations are generally solved by means of iterative methods (Newton-Raphson). Nevertheless, 

genetic algorithms and resultant theory can be considered [39]–[41]. In particular, appropriate 

initial conditions are needed for the Newton-Raphson method, but achievement of the solution is 

not guaranteed. Better results can be achieved by the Resultant method, which converts 

transcendental equations into polynomial equations. However, polynomial degrees increase with 

the number of levels, leading to high computational costs. 

Multilevel Space Vector Modulation (MSVM) is an extended version of the two-level Space 

Vector Modulation (SVM) for multilevel converters [42]–[46]. In particular, SPWM consists of 

achieving the reference space vector as a weighted sum of the two nearest ―base‖ vectors and the 

zero-voltage vectors. Whereas MSVM generally computes the reference voltage vector as a 

weighted sum of the three nearest ―base‖ vectors in order to minimize the harmonic content of the 

output voltage [47]. Alternatively, other MSVM approaches could be followed at the cost of 

increased complexity. One attractive feature of MSVM consists of exploiting switching state 

redundancy for DC-link voltage equalization purposes [48]. However, the selection of the most 

appropriate redundant states is quite complex, their use leading also to additional switching losses 
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[23]. Consequently, optimal switching sequences should be considered, as in [49]. 

Regarding DC-link voltage equalization, non ideal components and inappropriate exploitation 

of redundant switching states may lead to unbalanced power exchanges between high-side and 

low-side capacitors. This causes unsuitable neutral-point voltage drifts, which must be suppressed 

in order to avoid output voltage errors and ripple, voltage stresses on power semiconductor 

devices and equipment damages [50]. Although neutral-point voltage drifts may be addressed by 

natural balancing [51], DC-link voltage equalization generally relies on appropriate PWM 

techniques. However, some of these are unusable with high modulation indexes and low power 

factors and they may increase the THD of line currents as well [25], [43], [52]. 

In this context, two different control approaches are presented in this paper, which enable 

suitable DC-link voltage equalization by preserving NPC performances at the same time. The first 

approach (Hysteresis NPC control) consists of employing a hysteresis regulator fed by the DC-

link voltage unbalance, jointly with a suitable PWM pattern (HML-PWM). Such a simple solution 

can be easily implemented, but it is characterized by unsuitable current ripple through DC-link 

capacitors at steady state operation. Whereas the second approach (P-based NPC control) employs 

a proportional regulator combined with another PWM pattern (PS-PWM). As a result, it enables a 

smoother regulation of DC-link voltages than the previous one, reducing capacitor current and 

voltage ripple at the same time. It is worth noting that HML-PWM and PS-PWM are both 

extended versions of the Digital Scalar PWM for the NPC. The Digital Scalar PMW has been 

employed successfully in two-level converters due to its simple implementation [53], [54]. 

Consequently, one of the contributions of the paper consists in the extension and performance 

assessment of Digital Scalar PWM for three-level converters. The proposed control approaches 

are both validated through an extensive simulation study, which has been carried out in the 

Matlab-Simulink environment in order to assess their effectiveness in any operating conditions, 

i.e. at different active and/or reactive power rates. In particular, the simulation study refers to the 

DC-link voltage equalization of an NPC that represents the Point of Common Coupling (PCC) 

between a DC microgrid and the main AC grid. Simulations regard also the comparison between 

Hysteresis and P-based NPC controls with the well-known MSVM in order to highlight the most 

important advantages and drawbacks. 

The paper is structured as follows: NPC modeling and fundamentals of DC-link voltage control 

are both resumed briefly in Section 2, while the proposed Hysteresis and P-based NPC controls 

are described in detail in Section 3 and 4 respectively. Simulation results are shown and discussed 

extensively in Section 5, while concluding remarks are given in Section 6. All the symbols 

employed in the paper are summed up in the Appendix, together with their corresponding 

meaning. 

2. NPC Mathematical Modeling 

2.1. Basic equations 

Referring to the schematic representation of a three-phase NPC shown in Fig. 1, it can be seen 

that each leg consists of four switches and two clamping diodes. The DC-link voltage is shared 

between the high-side and low-side capacitors, whose voltages are denoted by VH and VL 

respectively, their capacitances being assumed equal to each other. Hence, denoting by Vx the 

voltage across the generic phase terminal x and the neutral point N, three different leg states can be 

defined: H, L and M. These depend on the switching states as pointed out in Table 1. 

Consequently, the per unit phase terminal voltages can be defined as 

   x H H L Lv v v , x a,b,c , , ,          (1) 

where δH and δL denote the duty cycles of the H and L states of the leg x, {α,β,γ} being the duty 
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Fig. 1. A three-phase NPC (red box) and its DC-link (blue box). 

Table 1  

Switching and Leg States. 

Leg State 
Switching States 

Vx 
Sx

(1) Sx
(2) Sx

(3) Sx
(4) 

H 1 1 0 0 VH 

M 0 1 1 0 0 

L 0 0 1 1 –VL 

cycles of the legs {a,b,c} respectively. Furthermore, vH and vL are the per unit capacitor voltages, 

which are defined as 

H L

H L

H L H L

V V
v , v .

V V V V
 

 
 (2) 

Still referring to (1), the duty cycles of each leg must satisfy the following equation: 

 H M L 1 , , , .           (3) 

Consequently, based on both (1) and (3), the generic per unit phase terminal voltage vx is bounded 

in accordance with 

 L x Hv v v , x a,b,c .     (4) 

Considering now the per unit chain voltages, they can be expressed as 

ab a b bc b c ca c av v v , v v v , v v v .       (5) 

Finally, DC-link current relationships are 

 H H a H b H c L L a L b L ci i i i , i i i i             (6) 

where ia, ib and ic denote the phase currents. 

2.2. DC-Link Voltage Control 

In order to define a control strategy for equalizing the DC-link voltages, reference can be made 

to Fig. 1 again, based on which, the time derivative of both VH and VL can be expressed as 

DC H DC LH L
i i i idV dV

,
dt C dt C

 
   (7) 

in which iDC denotes the DC current and C is the capacitance of each DC-link capacitor. As a 

consequence, subtracting (7) from each other yields 
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M MdV i

dt C
  (8) 

where VM and iM are the DC-link voltage and current unbalance respectively, which are defined as 

 M H L M H LV V V , i i i .      (9) 

Therefore, (8) suggests that DC-link voltage unbalance can be managed by means of iM. Thus, 

either a hysteresis or a proportional regulator can be employed in order to suppress DC-link 

voltage unbalance through appropriate PWM patterns [55]–[57]. In particular, the first solution is 

simple and easy to be implemented but it leads to unsuitable current and voltage ripple on DC-link 

capacitors [56]. Whereas the second approach enables an appropriate iM management but requires 

an increased level of complexity [57]. It is worth noting that these solutions need different PWM 

techniques, whose development requires the definition of voltage sectors (ζv) in accordance with 

the binary signs of the reference chain voltages {sab
*
,sbc

*
,sca

*
}, as summed up in Table 2. 

Consequently, a new set of indexes {u,v,w} can be introduced, each of which alternatively denotes 

one of the phase terminals {a,b,c} over each voltage sector in accordance with Table 3. As a 

result, it is possible to state that vuv always represents the voltage of maximum magnitude, vvw and 

vwu being always opposite to vuv: 

uv vw uv wu uv vw wuv v , v v , s s s .     (10) 

Consequently, (1) and (4) become respectively 

   x H H L Lv v v , x u,v,w , , ,          (11) 

 L x Hv v v , x u,v,w     (12) 

where {φ,ψ,ξ} denote the duty cycles of the legs {u,v,w}. Furthermore, (3) can now be expressed 

as 

 H M L 1 , , , .           (13) 

Finally, based on (11), (5) and (6) become 

   

       

uv H H H L L L

vw H H H L L L wu H H H L L L

v v v

v v v , v v v

   

       

   

       
 (14) 

 H H u H v H w L L u L v L wi i i i , i i i i .             (15) 

As a result, based on (8) and (15), the following equation is achieved: 

   
T

M u u v v z z H L H L H L

dx 1
Bu , x V , B i i i i i i , u

dt C
             (16) 

the corresponding equivalent block scheme being depicted in Fig. 2. Considering both (14) 

and (15), it can be noticed that different combinations of {φ,ψ,ξ} may lead to the same chain 

voltages but to different DC-link currents. Therefore, actual current sectors (ζi) can be defined in  

Table 2   

Voltage Sectors 

sab 0 0 1 1 1 0 

sbc 1 0 0 0 1 1 

sca 1 1 1 0 0 0 

ζv I II III IV V VI 

Table 3   

Phase Terminal Indexes 

ζv I II III IV V VI 

U a c b a c b 

V b a c b a c 

W c b a c b a 

Table 4   

Current Sectors 

su 0 0 1 1 1 0 

sv 1 0 0 0 1 1 

sw 1 1 1 0 0 0 

ζi I II III IV V VI 
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Fig. 2. Equivalent block scheme of the NPC. 

accordance with the binary signs of the actual phase currents {su,sv,sw}, as pointed out in Table 4. 

Consequently, the knowledge of both ζv and ζi can be suitably exploited in order to equalize DC-

link voltages as needed, for any given reference chain voltages. 

3. Hysteresis NPC control 

The hysteresis NPC control consists of selecting the duty cycles of the NPC legs in accordance 

with a binary signal ε. This is synthesized from DC-link voltage unbalance through an appropriate 

two-level hysteresis regulator, as shown in Fig. 3. In particular, ε is high when high-side capacitor 

needs to be charged; otherwise, ε is low. Furthermore, the knowledge of actual NPC phase 

currents is also needed in order to carry out the required charging/discharging task. Similarly, the 

reference chain voltages must be considered, whose achievement is mandatory in order to preserve 

appropriate AC voltage and current waveforms. Based on all this information, a suitable PWM 

technique (HML-PWM) can be developed for achieving DC-link voltage equalization 

successfully, as detailed in the following subsection. 

3.1. HML-PWM 

HML-PWM has been developed starting from the knowledge of the voltage sector (ζv); 

considering only odd voltage sectors (I, III, V) at first, vuv is always positive in accordance with 

(10). Consequently, based on (14), both φL and ψH are always imposed equal to zero because these 

duty cycles do not contribute to the achievement of a positive vuv value. As a result, (14) becomes 

   * * *

uv H H L L vw L L H H L L wu H H H H L Lv v v , v v v v , v v v v .                  (17) 

Whereas high-side and low-side DC-link currents can be determined from (15) as 

 H H u H w L L v L wi i i , i i i .             (18) 

Similar considerations can be made also for even voltage sectors (II, IV, VI), in correspondence 

to which vuv is always negative. Consequently, both φH and ψL are always set to zero, thus (14) and  

(15) become respectively 

   * * *

uv L L H H vw H H H H L L wu L L H H L Lv v v , v v v v , v v v v                 (19) 

 H H v H w L L u L wi i i , i i i .             (20) 

 
Fig. 3. Equivalent block control scheme of the proposed Hysteresis NPC control. 



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

Therefore, different choices of all the remaining duty cycles have to be performed depending on 

the output signal of the hysteresis regulator (ε). If ε is high, iH has to be minimized in order to 

recharge or discharge less the high-side capacitor to the maximum extent. Otherwise, if ε is low, iH 

has to be maximized. Apart from ζv, this goal requires the knowledge of the signs of actual phase 

currents, as easily detectable from both (18) and (20). Therefore, actual current sectors (ζi) must 

be considered as well. 

Hence, based on the previous considerations, three different PWM patterns can be determined: H-

PWM, M-PWM and L-PWM. These are characterized by different duty cycles for a given 

reference chain voltage vector, as pointed out in Table 5. H-PWM consists of maximizing φH or 

ψH over odd or even voltage sectors respectively. Similarly, L-PWM enables ψL or φL 

maximization, whereas M-PWM allows both ξH and ξL minimization. Among these PWM 

patterns, the most suitable one should be chosen based on {ε,ζv,ζi} in order to suppress DC-link 

voltage unbalance, as pointed out in Table 6. 

In conclusion, the overall scheme of the proposed HML-PWM is depicted in Fig. 4. It is worth 

noting that all the PWM patterns guarantee the achievement of the reference chain voltages, thus 

prioritizing power flow management compared to DC-link voltage equalization needs. 

 

Table 5  

H-PWM, M-PWM and L-PWM patterns 

 H-PWM M-PWM L-PWM 

φH 

*

uv

H

v
max 0,min ,1

v

   
  
   

 

*

wu
H

H

v
max 0,min ,1

v


   
   

   
 

*

uv L

H

v v
max 0,

v

 
 
 

 

φL 

*

uv H

L

v v
max 0,

v

 
 

 
 

*

wu
L

L

v
max 0,min ,1

v


   
  

   
 

*

uv

L

v
max 0,min ,1

v

   
  

   
 

ψH 

*

uv

H

v
max 0,min ,1

v

   
  

   
 

*

vw
H

H

v
max 0,min ,1

v


   
  

   
 

*

uv L

H

v v
max 0,

v

 
 

 
 

ψL 

*

uv H

L

v v
max 0,

v

 
 

 
 

*

vw
L

L

v
max 0,min ,1

v


   
   

   
 

*

uv

L

v
max 0,min ,1

v

   
  
   

 

ξH 

* *

vw wu
H H

H H

v v
max 0,min ,

v v
 

   
    

   
 

* *

vw L wu L

H H

v v v v
max 0, ,

v v

  
 

 
 

* *

vw L wu L

H H

v v v v
max 0, ,

v v

  
 

 
 

ξL 

* *

vw H wu H

L L

v v v v
max 0, ,

v v

  
 

 
 

* *

vw H wu H

L L

v v v v
max 0, ,

v v

  
 

 
 

* *

vw wu
L L

L L

v v
max 0,min ,

v v
 

   
    

   
 

Table 6  

Look-up Table of HML-PWM implementation 

ε 
ζv 

ζi 
I, III, V II, IV, VI ε 

ζv 

ζi 
I, III, V II, IV, VI 

0 

I, VI H-PWM L-PWM 

1 

I, VI L-PWM H-PWM 

II M-PWM M-PWM II H-PWM H-PWM 

III, IV L-PWM H-PWM III, IV H-PWM L-PWM 

V H-PWM H-PWM V M-PWM M-PWM 
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Fig. 4. Overall control scheme of the proposed HML-PMW. 

 
Fig. 5. Equivalent block control scheme of the proposed P-based NPC control. 

4. P-based NPC control 

The P-based NPC control has been developed with the aim of improving the performances of 

the hysteresis NPC control described in the previous section. A smooth regulation of DC-link 

voltages can be assured by means of DC-link currents, which should be driven appropriately in 

order to avoid their maximization or minimization when unnecessary. 

Hence, referring to (11), it can be assumed that the H and L states of each leg cannot occur over 

the same sampling time interval. Consequently, δH and δL are equal to zero alternatively: 

 H L 0 , x, y,z .      (21) 

It is worth noting that such an assumption does not affect the phase terminal voltages, which are 

still bounded in accordance with (12). Thus, based on both (11) and (21), the following 

relationships can be introduced: 

   x x x x

H L

H L

v v v v
, , x u,v,w , , , .

2v 2v
     

 
     (22) 

Consequently, by substituting (22) in (15), iH and iL can be further expressed as: 

 H x x x x L x x x x

x x x xH L

1 1
i v i v i , i v i v i , x u,v,w .

2v 2v

   
        

   
     (23) 

Based on (23), it is possible to introduce two additional DC-link currents, i.e. ip and is, which are 

defined respectively as 

 p H H L L x x s H H L L x x

x x

i v i v i v i , i v i v i v i , x u,v,w .         (24) 

In particular, ip represents the equivalent power current, which is proportional to the NPC active 

power. Whereas is is an auxiliary current that depends on both ip and iM as 



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

   s H L p H L Mi v v i 2v v i .      (25) 

Consequently, is can be set in accordance with DC-link voltage equalization needs, without 

affecting the power exchange between the DC microgrid and the main AC grid. A suitable iM
*
 can 

be synthesized as 

*

M Mi k V    (26) 

where k can be set in accordance with (8) in order to achieve appropriate dynamic performances. 

In particular, iM
*
 can be assumed equal to iM because it can be varied almost instantaneously, 

especially compared with DC-link voltage dynamic response. Therefore, the substitution of (26) in 

(8) leads to 

M

M

dV k
V 0 .

dt C
    (27) 

Hence, denoting the desired bandwidth of the DC-link voltage unbalance control loop by fDC, k 

can be chosen in accordance with the following relationship: 

DC DC

k
2 f k 2 f C .

C
     (28) 

It is worth noting that k depends on both fDC and C, namely fast DC-link voltage unbalance 

suppression and/or large C value lead to high k values in accordance with (28). It is also worthy of 

note that only a simple proportional regulator is needed because iM
*
 should be zero when DC-link 

voltage unbalance does not occur. As a result, assuming ip
*
 as the required power exchange, the 

reference is value can be computed easily from (25) as 

   * * *

s H L p H L Mi v v i 2v v i .      (29) 

The schematic representation of the P-based NPC control is shown in Fig. 5. It can be seen that, 

apart from is
*
, further information is required. The knowledge of actual NPC phase currents and 

reference chain voltages is mandatory, as for hysteresis NPC control. In addition, in order to track 

is
*
 successfully, a suitable PWM technique has to be developed (PS-PWM), as detailed in the 

following subsection. 

4.1. PS-PWM 

Considering the per unit reference chain voltages in the uvw frame, they can be expressed as 

* * *

uv u v vw v w wu w uv v v , v v v , v v v .       (30) 

Therefore, based on (30), vu and vv can be expressed as: 

* *

u wu w v vw wv v v , v v v .      (31) 

Thus, the substitution of (31) in (12) yields 

w,min w w,maxv v v   (32) 

where: 

   * * * *

w,min wu vw L w,max wu vw Hv max v , v v , v min v , v v .       (33) 

As a result, it can be stated that the reference chain voltages can be successfully achieved for any 

vw that complies with (32). Hence, by substituting (31) in (24), the following results are achieved: 

 * *

p wu u vw v w u v wi v i v i v i i i       (34) 

* *

s wu w u vw w v w wi v v i v v i v i .          (35) 
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Table 7  

The is expression for odd and even voltage sectors 

Odd Voltage Sectors Even Voltage Sectors 

is vw range is vw range 

* *

wu u vw vv i v i    *

w,min w wuv v v   * *

wu u vw vv i v i    *

w,min w vwv v v    

* *

wu u vw v w uv i v i 2 v i        *

wu wv v 0   * *

wu u vw v w vv i v i 2 v i       *

vw wv v 0    

* *

wu u vw v w vv i v i 2 v i        *

w wu0 v v    * *

wu u vw v w uv i v i 2 v i       *

w wu0 v v   

* *

wu u vw vv i v i     *

wu w w,maxv v v    * *

wu u vw vv i v i     *

wu w w,maxv v v   

     

     
Fig. 6. The is evolution over any odd voltage sectors and any current sector. 

     

     
Fig. 7. The is evolution over any even voltage sector and any current sector. 

Consequently, assuming the sum of the phase currents equal to zero, as occurs in isolated star-

connected three-phase systems, it can be stated that ip does not depend on vw. Consequently, is can 

be controlled by vw in accordance with DC-link voltage equalization needs, without affecting the 

power exchange between the DC microgrid and the main AC grid. 

In order to perform an is control, reference can be made to (32) and (35). In this context, both 

voltage and current sectors must be considered, as for the HML-PWM. In particular, over odd and 

even voltage sectors, (33) becomes respectively 

* *

w,min vw L w,max wu Hv v v , v v v      (36) 

w,min wu L w,max vw Hv v v , v v v .      (37) 
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As a consequence, based on either (36) or (37), the is evolution with vw can be achieved for each 

(ζv,ζi) pair of values, as pointed out in Table 7 and highlighted in both Fig. 6 and Fig. 7. From 

these it can be seen that minimum and maximum values of is are generally achieved in 

correspondence with either vw
(+)

 or vw
(–)

, which are defined respectively as 

       * * * *

w wu vw w wu vwv max v , v , v min v , v .
 
     (38) 

Hence, if at least one of these values lies within [vw,min,vw,max], it means that a plateau region 

occurs, as highlighted in Fig. 6 and Fig. 7. Within these operating regions, any further variation of 

vw does not affect is because the sum of the phase currents equals zero, as assumed previously. 

Still referring to both Fig. 6 and Fig. 7, it can be seen that minimum and maximum values of is 

occur when vw is zero within both II and V current sectors. In these cases, a given is
*
 may 

correspond to two different vw values: vw
*
 and  w

*
. However, vw

*
 should be chosen because it lies 

within the vw interval that guarantees a linear control of is within its full range. 

In conclusion, the overall control scheme of the PS-PWM is shown in Fig. 8. For any given 

reference chain voltages and is
*
, the most suitable vw

*
 can be chosen in accordance with Table 8. It 

is then possible to compute the other phase terminal voltages by means of (31) and thus, all the H 

and L duty cycles by means of (22). 

 
Fig. 8. Equivalent block control scheme of the proposed PS-PWM. 

Table 8  

The vw
* expression for odd and even voltage sectors 

ζi ζv = I, III, V ζi ζv = II, IV, VI 

I 

IV 

* * * *
* *s vw v s wu u
wu vw

u v

i v i i v i1
max v , v

2 i i

  
   

 
 

I 

IV 

* * * *
* *s vw v s wu u
wu vw

u v

i v i i v i1
min v , v

2 i i

  
   

 
 

II 
V 

* *
* s wu u
vw 0

v

* *
* s vw v
wu 0

u

i v i1
v for 0

2 i

i v i1
v for 1

2 i





 
   

 

 
  

 

 II 
V 

* *
* s vw v
wu 0

u

* *
* s wu u
vw 0

v

i v i1
v for 0

2 i

i v i1
v for 1

2 i





 
   

 

 
   
 

 

III 

VI 

* * * *
* *s vw v s wu u
wu vw

u v

i v i i v i1
min v , v

2 i i

  
   

 
 

III 

VI 

* * * *
* *s vw v s wu u
wu vw

u v

i v i i v i1
max v , v

2 i i

  
   

 
 

        0 s w,max s s w,min ssign i v i 0 i v i 0    
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Fig. 9. Simulation set-up. 

5. Simulations 

In order to verify the performances achievable by means of both Hysteresis and P-based NPC 

controls, a simulation study has been carried out in the Matlab-Simulink environment. Apart from 

the proposed Hysteresis and P-based NPC controls, simulations regard also the implementation of 

the conventional MSVM for comparison purposes [52]. Reference has been made to the 

simulation set-up shown in Fig. 9, which consists mainly of a DC microgrid, an NPC and the main 

AC grid. The DC microgrid is assumed to be made up of a number of distributed generators and 

loads, whose overall residual power is assumed not to exceed 30 kW over both generation and 

loading periods. The Point of Common Coupling (PCC) between the DC microgrid and the main 

AC grid is represented by the NPC, which consists mainly of 12 IGBTs and 6 clamping diodes. 

The overall DC-link voltage has been set to 1500 V, whereas the switching frequency is 10 kHz, 

the sampling time interval being 100 μs. The NPC minimum pulse width has been considered as 

well, which has been set to 0.8 μs. The NPC is coupled with the main AC grid through an 

appropriate RL filter and it is driven by either Hysteresis or P-based NPC control. These controls 

synthesize the PWM patterns in accordance with both equalization needs and reference chain 

voltages. The latter are provided by the grid control system in accordance with the desired active 

and reactive power flows. The MSVM has been considered as well, namely the reference space 

vector is applied as a weighted sum of the three nearest ―base‖ vectors, while redundant switching 

states are selected in accordance with DC-link voltage equalization requirements. 

Simulations have been performed assuming a constant apparent power of 30 kVA and any 

angular displacement between AC grid voltages and currents (Ф). This was done in order to check 

the effectiveness of the proposed control approaches at different power factors and/or active and 

reactive power levels. Regarding equalization needs, these are represented by any DC-link voltage 

unbalance, which was initially set to 0.2 p.u. by assuming vH and vL equal to 0.6 and 0.4 p.u. 

respectively. 

5.1. Simulation results 

Simulations firstly refer to both Hysteresis and P-based NPC control in the case of Ф = 0°, 

whose corresponding results are depicted from Fig. 10 to Fig. 13. Focusing on both Fig. 10 and 

Fig. 11 at first, it can be seen that the initial voltage unbalance is quickly and similarly suppressed 

by both Hysteresis and P-based NPC controls. Particularly, over the equalization process, both 

control approaches are characterized by almost the same iM evolution, it being upper-bounded by 

its maximum threshold. However, DC-link voltage equalization is slightly delayed by P-based 

NPC control compared to Hysteresis NPC control. This is due to the employment of a proportional 

regulator, whose dynamic performances are slightly lower than that achievable by means of a 

hysteresis regulator. As soon as DC-link voltage equalization is almost accomplished, iM is 
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Fig. 10. DC-link voltage and current unbalance evolutions (in p.u. and A respectively) achieved by Hysteresis NPC 

control (left) and P-based NPC control (right) for Ф = 0°: actual (dark green) and reference (pale green). 

 
Fig. 11. DC-link voltage evolutions (in p.u.) achieved by Hysteresis NPC control (left) and P-based NPC control (right) 

for Ф = 0°: high-side capacitor (red) and low-side capacitor (blue). 

 
Fig. 12. DC-link capacitor current evolutions (in A) achieved by Hysteresis NPC control (left) and P-based NPC control 

(right) for Ф = 0°: high-side capacitor (red) and low-side capacitor (blue). 

 
Fig. 13. Chain voltages and phase currents evolutions (in V and A respectively) achieved by Hysteresis NPC control (left) 

and P-based NPC control (right) for Ф = 0°. 
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Fig. 14. DC-link voltage and current unbalance evolutions (in p.u. and A respectively) achieved by MSVM NPC at 10 kHz 

(left) and 5 kHz (right) for Ф = 0°: actual (dark green) and reference (pale green). 

 
Fig. 15. DC-link voltage evolutions (in p.u.) achieved by MSVM NPC at 10 kHz (left) and 5 kHz (right) for Ф = 0°: high-

side capacitor (red) and low-side capacitor (blue). 

 
Fig. 16. DC-link capacitor current evolutions (in A) achieved by MSVM NPC at 10 kHz (left) and 5 kHz (right) for Ф = 

0°: high-side capacitor (red) and low-side capacitor (blue). 

 
Fig. 17. Chain voltages and phase currents evolutions (in V and A respectively) achieved by MSVM NPC at 10 kHz (left) 

and 5 kHz (right) for Ф = 0°. 
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successfully driven to zero by P-based NPC control, its ripple being almost negligible. Whereas 

the hysteretic nature of Hysteresis NPC control introduces high frequency ripple on iM and, 

consequently, on both DC-link capacitor currents, as shown in Fig. 12. This drawback is avoided 

appropriately by P-based NPC control due to the more accurate control of DC-link currents, as 

highlighted by both Fig. 10 and Fig. 12. Consequently, given a maximum current ripple, reduced-

size and cheaper DC-link capacitors could be employed as far as P-based NPC control is 

concerned. Alternatively, switching frequency can be reduced safely, meaning that P-based NPC 

control seems also well-suited for high-power applications characterized by relatively low 

switching frequencies. Focusing now on the phase current evolutions depicted in Fig. 13, it can be 

seen that higher current ripple occurs by P-based NPC control than that achieved by Hysteresis 

NPC control. This phenomenon is related to the different duty cycles synthesized by the two 

control approaches. In particular, once achieved, DC-link voltage equalization requires high-side 

and low-side capacitors to be exploited equally, as in a pure series connection. This goal is well 

achieved by P-based NPC control, leading to short duty cycles and maximum magnitude of 

voltage pulses. Hysteresis NPC control however, fully exploits high-side and low-side capacitors 

alternatively, leading to larger voltage pulses of reduced magnitude compared to P-based NPC 

control. Nevertheless, it is worth noting that the increased ripple achieved by P-based NPC control 

on phase currents is quite small if compared to the ripple reduction achieved on capacitor currents, 

as highlighted by Fig. 12. In order to test the effectiveness of both Hysteresis and P-based NPC 

controls in preserving DC-link voltage equalization, a power inversion is performed at 0.1s (Ф = 

180°), the corresponding results still being shown from Fig. 10 to Fig. 13. It can be seen that some 

ripple occurs transiently on capacitor currents in both cases, but it does not affect DC-link voltage 

equalization significantly. 

The simulation results achieved by means of MSVM by considering two different switching 

frequencies (10 and 5 kHz) are depicted from Fig. 14 to Fig. 17. It can be seen that MSVM is able 

to equalize the DC-link voltage similarly to the proposed Hysteresis and P-based NPC controls. 

However, MSVM achieves weaker performances in terms of phase current tracking in presence of 

large DC-link voltages unbalances. On the other hand, a much lower phase current ripple occurs 

by employing MSVM at 10 kHz compared to both Hysteresis and P-based NPC controls, as 

highlighted by the comparison between Fig. 13 and Fig. 17. This is due to the suitable exploitation 

of redundant switching states achieved by MSVM at the cost of an increased number of 

commutations, as pointed out in Table 9. This reveals that Hysteresis NPC control is characterized 

by the minimum number of commutations, the corresponding phase current ripple being very 

similar to that achieved by MSVM at 5 kHz. The weakest performances in terms of phase current 

ripple are achieved by the P-based NPC control, the corresponding number of commutations being 

also greater than Hysteresis NPC control. However, P-based NPC control is the best solution in 

terms of capacitor current ripple minimization, also in comparison with MSVM at both 5 and 10 

kHz. The best performances in terms of phase current ripple are achieved by MSVM at 10 kHz, 

but at the cost of a large number of commutations and, thus, of significant switching losses 

compared to the other cases. 

Different performances are achieved in terms of DC-link voltage equalization for Ф = 120°, 

whose corresponding results are reported from Fig. 18 to Fig. 25. In particular, Fig. 18 and Fig. 22  

Table 9   

Average number of commutations per cycle and per switch for HML-PWM, PS-PWM and MSVM in case of Ф = 0°, 180° 

Case 
HML-PWM 

(@ 10 kHz) 

P-based PWM 

(@ 10 kHz) 

MSVM 

(@ 10 kHz) 

MSVM 

(@ 5 kHz) 

30 kVA , Ф = 0° 16.7 24.3 47.4 23.8 

30 kVA , Ф = 180° 16.6 24.9 48.8 24.7 
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Fig. 18. DC-link voltage and current unbalance evolutions (in p.u. and A respectively) achieved by Hysteresis NPC 

control (left) and P-based NPC control (right) for Ф = 120°: actual (dark green) and reference (pale green). 

 
Fig. 19. DC-link voltage evolutions (in p.u.) achieved by Hysteresis NPC control (left) and P-based NPC control (right) 

for Ф = 120°: high-side capacitor (red) and low-side capacitor (blue). 

 
Fig. 20. DC-link capacitor current evolutions (in A) achieved by Hysteresis NPC control (left) and P-based NPC control 

(right) for Ф = 120°: high-side capacitor (red) and low-side capacitor (blue). 

 
Fig. 21. Chain voltages and phase currents evolutions (in V and A respectively) achieved by Hysteresis NPC control (left) 

and P-based NPC control (right) for Ф = 120°. 
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Fig. 22. DC-link voltage and current unbalance evolutions (in p.u. and A respectively) achieved by MSVM NPC at 10 kHz 

(left) and 5 kHz (right) for Ф = 120°: actual (dark green) and reference (pale green). 

 
Fig. 23. DC-link voltage evolutions (in p.u.) achieved by MSVM NPC at 10 kHz (left) and 5 kHz (right) for Ф = 120°: 

high-side capacitor (red) and low-side capacitor (blue). 

 
Fig. 24. DC-link capacitor current evolutions (in A) achieved by MSVM NPC at 10 kHz (left) and 5 kHz (right) for Ф = 

120°: high-side capacitor (red) and low-side capacitor (blue). 

 
Fig. 25. Chain voltages and phase currents evolutions (in V and A respectively) achieved by MSVM NPC at 10 kHz (left) 

and 5 kHz (right) for Ф = 120°. 
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Table 10  

Average number of commutations per cycle and per switch for HML-PWM, PS-PWM and MSVM in case of Ф = 120° 

Case 
HML-PWM 

(@ 10 kHz) 

P-based PWM 

(@ 10 kHz) 

MSVM 

(@ 10 kHz) 

MSVM 

(@ 5 kHz) 

30 kVA , Ф = 120° 33.2 48.9 95.6 48.2 

reveal that this poor power factor reduces iM threshold significantly, leading to a much slower DC-

link voltage equalization than that achieved in the previous case. In addition, although current 

ripple achieved by Hysteresis NPC control is lower than P-based NPC control, it seems irregular, 

as highlighted in Fig. 21. Despite these drawbacks, DC-link voltage equalization is accomplished 

successfully also in this case, as shown by both Fig. 19 and Fig. 23. Furthermore, also referring to 

Table 10, the comparison between the proposed control approaches and the MSVM highlights 

advantages and drawbacks similar to those pointed out in the case of Ф = 0° and Ф = 180°. 

The overall performances achieved by Hysteresis and P-based NPC controls in equalizing DC-

link voltages at 30 kVA are resumed from Fig. 26 to Fig. 28, together with those related to MSVM 

for comparison purposes. Referring to Fig. 26 and Fig. 27 at first, it can be seen that the DC-link 

voltage equalization time decreases significantly as the active power level increases, it being 

almost unaffected by power flow direction. Consequently, the weakest equalization performances 

are achieved when Ф = 90° and Ф = 270°, in correspondence to which the active power provided 

by the NPC is due to system Joule losses only. The comparison between Fig. 26 and Fig. 27 

reveals that MSVM equalization performances are slightly weaker than those achieved by both 

Hysteresis and P-based NPC controls when Ф approaches 90° and 270°, although DC-link voltage 

equalization provided by MSVM is faster in correspondence to Ф = 270°. 

In order to further corroborate the effectiveness of the proposed NPC control approaches, 

reference can be made to the Total Harmonic Distortion (THD) of the phase currents, which is 

determined by taking into account all the harmonic components up to the 40
th

 order, and the 

capacitor current ripple depicted in Fig. 28. Focusing on THD at first, both Hysteresis and P-based 

NPC controls enable the achievement of a very good THD compared to that achieved by MSMV 

 
Fig. 26. DC-link voltage unbalance (colormap, in p.u.) achieved by Hysteresis NPC control (left) and P-based NPC control 

(right). 

 
Fig. 27. DC-link voltage unbalance (colormap, in p.u.) achieved by MSVM at 10 kHz (left) and 5 kHz (right). 
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Fig. 28. The THD of phase currents (left) and ripple of capacitor currents (right): hysteresis NPC control (blue), P-based 

NPC control (red), MSVM at 10 kHz (green) and at 5 kHz (orange). 

(at both 5 and 10 kHz). This means that the non-negligible phase current ripple achieved by the P-

based NPC control (Fig. 13 and Fig. 21) is characterized by a high-order harmonic content. Much 

greater THD values are achieved by MSVM, however, they are acceptably low. Different 

considerations have to be made for capacitor current ripple, namely the weakest performances are 

achieved by Hysteresis NPC control, as expected. Whereas negligible capacitor current ripple is 

achieved by the P-based NPC control, even in comparison with MSVM, due to a more accurate 

DC-link current control. 

6. Conclusions 

Two different approaches for suppressing DC-link voltage unbalance in three-phase Three-

Level Neutral Point-Clamped Converters (NPCs) have been presented in this paper. The 

Hysteresis NPC control is simple and easy to be implemented, but it inherently introduces high-

frequency DC-link voltage and current ripple. Whereas P-based NPC control assures a more 

accurate DC-link voltage and current regulation at the cost of increased complexity and non-

negligible high-frequency ripple on NPC phase currents. The proposed control approaches have 

been compared to the well-known Multilevel Space Vector Modulation (MSVM) through an 

extensive simulation study performed in the Matlab-Simulink environment. Based on this, the 

following concluding remarks can be made: 

 both Hysteresis and P-based NPC controls guarantee similar and sometimes better 

performances than MSVM in equalizing DC-link voltages at different values of angular 

displacement between AC grid voltages and currents, enabling also a phase current THD 

significantly lower than MSVM; 

 Hysteresis NPC control is the best approach in terms of minimum switching losses; 

 P-based NPC control assures minimum DC-link voltage and current ripple. 

Consequently, both the proposed Hysteresis and P-based NPC controls represent valid 

alternatives to conventional NPC controls, especially in terms of DC-link capacitor current ripple 

or switching losses minimization. 

Appendix 

All the symbols employed in the paper and their meaning are summed up in Table A1. 
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Table A1  

Paper symbols and meanings. 

Symbol Meaning 

VH (VL) High-side (low-side) DC-link capacitor voltage 

Vx Terminal voltage of the phase x 

H, M, L Leg states 

Sx
(1), Sx

(2), Sx
(3),Sx

(4) Switching states of the leg x 

vx Per unit terminal voltage of the phase x 

δH (δL) Duty cycle of the H (L) leg state 

{α,β,γ} Duty cycles of the phases {a,b,c} 

{a,b,c} Phase terminal indexes 

vH (vL) Per unit high-side (low-side) DC-link capacitor voltage 

vab, vbc, vca Per-unit chain voltages 

iH, iL DC-link currents 

ia, ib, ic Phase currents 

iDC DC current 

C Capacitance of each DC-link capacitor 

VM (iM) Voltage (Current) unbalance 

ζv (ζi) Voltage (Current) sector 

{u,v,w} Alternative indexes of phase terminals 

sab
*,sbc

*,sca
* Binary signs of the reference chain voltages 

{φ,ψ,ξ} Duty cycles of the phases {u,v,w} 

{su,sv,sw} Binary signs of the actual phase currents 

ε Binary signal synthesized by the hysteresis regulator 

ip Equivalent power current 

is Auxiliary current 

k Gain of the DC-link voltage proportional regulator 

fDC Bandwidth of the DC-link voltage unbalance control loop 

Ф Angular displacement between AC grid voltages and currents 
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