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Abstract—The time delay caused by the digital computation 
and the update of duty cycle tends to worsen the dynamic 
performance of digitally controlled power converters. This paper 
proposes a real-time calculation method for multilevel converters 
with the phase-shifted carrier pulsewidth modulation (PSC-
PWM) to eliminate the time delay of the digital controller without 
the loss of duty cycle. A proposed sampling method, which samples 
the current and voltage at the intersections of all phase shifted 
carriers, is used alternately with the traditional regular sampling 
method following a selection rule, which is elaborated in theory. 
Experimental results verify that the proposed real-time 
calculation method effectively improves the bandwidth of the 
control system. 

Keywords—bandwidth; Multi-sampling method; multilevel 
inverter; phase-shifted carrier pulse width modulation; real-time 
calculation 

I. INTRODUCTION  

The regular-sampling pulsewidth moduation has been 
widely used with the digitally controlled power converters [1], 
[2]. In this method, the current and voltage are sampled at the 
instant of the peak or/and valley of the triangular carrier, and 
the calculated modulating voltage is updated at next sampling 
instant due to the computational delay [3], [4]. A sampling 
period of time delay is thus introduced into the control loop, 
which deteriorates the dynamic response and stability of the 
control system [5].  

To suppress the influence of the unit delay on the control 
system, many methods have been reported in [6-8]. In [6], the 
deadbeat control scheme is applied to compensate the time 
delay. This method needs to predict the line current based on 
the mathematical model of the converters. Therefore, the 
inaccurate model of converters will worsen the control 
performance by using this method [9]. In [5], the sampling 
instant is shifted towards to the instant of the duty cycle update. 
It reduces the unit delay to computational delay, which is the 
computational duration of the control method. The bandwidth 
of the control loop is dramatically improved by using this 
method, but the current harmonics caused by the turn on/off of 
the power switching will be introduced into the control loop, 
leading to the undesired harmonics in the calculated modulating 
wave, which will increase the current harmonics content [10], 

[11]. In [12], a multi-sampling method is reported to improve 
the bandwidth of the control loop. In this method, the sampling 
and the duty cycle update are multiply carried out during one 
triangular carrier period. the time delay caused by the sampling 
is obviously reduced by using this method. However, the 
multiple switching and the dead-band caused by multi-
sampling method complicates the modeling and analysis of the 
control system and lead to undesired switching noise[13]. In 
[14], a novel quadruple sampling method is proposed to solve 
the problem of the multiple switching in the traditional multi-
sampling method. Yet, the unit delay, which equals to the 
quarter of the carrier period, still exists in the control loop.  

The fast calculation of the control method by using field 
programmable gate array (FPGA) can reduce the computational 
delay to the degree of the microsecond, which gives a new path 
to reduce the digital delay[15], [16]. In [16], the sampling of the 
current and voltage takes place at the peak and/or valley of the 
carrier, yet the duty cycle is updated immediately after the 
digital computation. Thus, the time delay is greatly reduced, 
and a real-time calculation of the modulating wave is 
approximately achieved. However, this method is subject to the 
loss of duty cycle, and requires a high-performance digital 
controller which consequently increases the hardware cost. In 
[17], a dual sampling method is introduced to achieve the real-
time calculation in single-phase two-level inverters without the 
loss of duty cycle and it merely needs a low-cost digital signal 
processor. Yet, this method cannot be applied in multilevel 
converters. 

Phase-shifted-carrier PWM(PSC-PWM) is widely applied 
in multilevel converters to generate the desired driving 
pulse[18], [19]. The current and voltage are sampled at the peak 
and valley of all carriers, and there still exists a unit delay 
between the instant of the sampling and the duty cycle 
update[20], [21]. In order to achieve a real-time calculation of 
the modulating wave without time delay for multilevel 
converters, this paper proposes first a sampling method, which 
samples the current and voltage at the intersection of all carriers. 
Then, to avoid any loss of duty cycle, the proposed sampling 
method is alternately used with the traditional sampling method, 
and a selection rule between the traditional and developed 
sampling methods is formulated. Experimental results confirm 
that the bandwidth of the control loop is improved with the 
reduced time delay. 

This work was supported in part by European Research Council (ERC)
under the European Union’s Seventh Framework Program (FP/2007-
2013)/ERC Grant Agreement [321149-Harmony], in part by the Doctoral 
Innovation Foundation of Southwest Jiao University, and in part by China 
Scholarship Council. 
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The rest of this paper is organized as follows: Section II 
describes the topology of single-phase cascaded H-bridge 
(CHB) inverters. The traditional sampling method for single-
phase two-level inverter is analyzed and discussed detailly in 
Section III. The proposed real-time calculation method for the 
single-phase multilevel inverter is elaborated in Section IV. 
Section V analyzes the stability boundary of the control loop 
with the proportional current controller by using traditional 
sampling method and the real-time calculation method. The 
experimental test is executed to verify the correctness of the 
theoretical analysis in Section VI. Section VII concludes this 
paper. 

II. SYSTEM DESCRIPTION 

Fig. 1 shows the topology of a single-phase CHB multilevel 
inverter with a digital current controller, where u is the main 
voltage, and L and R are the filter inductance and its equivalent 
resistance, respectively. vx is the output voltage of two-level H-
bridge inverters in cell x, and all cells are connected in series. 
The synthesized voltage v is the sum of all individual cell 
outputs. udcx represents a constant dc-link voltage of the 
converter cell x. Sxyp and Sxyn represent upper and lower 
switching devices in leg y of the cell x, where y = a, b, and x = 
1, 2...N. In this paper, two cascaded converter cells are 
considered. 
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Fig. 1.  A single-phase inverter with the digital current controller. 

The resistance R is usually small, which is ignored for 
simplicity. The Kirchhoff voltage law (KVL) is adopted to 
analyze voltage across the inductor L, and the voltage equation 
is shown as 

.= −di
L v u

dt
                                  (1) 

The output voltage of the inverter can be described as 

1 1 1 1

= ( )= -
= = = =

= −   
N N N N

x xa xb xa xb
x x x x

v v v v v v               (2)                       

where the output voltage vxa and vxb of the leg a and leg b in cell 
x respectively are defined as  
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where x=1…N, y=a, b. The switching function Sxy
 is defined as 

  and    

  and   . 

= 
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xy
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S
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                   (4)                   

For simplification, it is assumed that the rated power and 
dc-link voltage of each converter cell is the same, that is 

 
.
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In this case, the modulating voltage of each cell satisfies 

*
* =x

v
v

N
                                        (6) 

where v* is the modulating wave calculated by the digital 
controller. 

The normalized modulating wave for cell x, which feeds 
into the modulator, is simplified as 

* *
* *.

( / 2) ( / 2)
= = =x

x
dcx dc

v v
v v

u N u
                  (7) 

PSC-PWM usually is applied to generate the drive pulse for 
CHB inverter, the shifted phase of the triangular carrier Cx for 
cell x relative to that for cell 1 is expressed as 

( -1)
x

x

N

πα =                                     (8) 

where x = 1…N. Using two-cells CHB converter as an example, 
the shifted phase of the triangular carriers for cell 1 and cell 2 
respectively are 0 and 90º. 

III. TRADITIONAL SAMPLING METHOD FOR TWO-LEVEL 

H-BRIDGE 

A. Traditional sampling method 

Traditionally, the voltage and current are sampled at the 
instant of the peak and valley of the triangular carrier.it is shown 
in  

Fig. 2. Where Tcp is the computational duration, and Ton and 
Toff represent the duration of turn-on and turn-off for the upper 
power switching of the corresponding leg during one sampling 
interval Tsa and these two durations satisfy  

 
+

2
on off sa

sw sa

T

T

T T

T

 =
 =

                              (9) 

where Tsw is the switching period or triangular carrier period. In 
each sampling instant, the current and voltage are sampled and 
then the calculation of the modulating wave v will be completed 
after the duration Tcp. The calculated modulating wave v will be 
updated in next sampling instant. The modulating wave is 
compared with the triangular carrier to generate driving pulse 
③. Therefore, there is the time delay of one sampling interval, 
named as unit delay, between the sampling instant and duty 
cycle update (modulating wave update) instant in the traditional 
method. 

3044



①

1

0

-1

②

③

k-2 k-1 k k+1 k+2 k+3 k+4

Tcp

Tsa

Toff
Ton

①: sampling instant  ②: duty-cycle update instant
③: driving pulse

v*

Note:

Tsw

 
Fig. 2.  The traditional sampling method and modulating process with the unit 
delay. 

B. Real-Time Calculation and The Loss of the Duty cycle 

In order to suppress the influence of the unit delay on the 
control system, the feasible method is to immediately update 
the duty cycle after the computational duration Tcp. This process, 
named as the computational delay mode, is described as the 
sampling instant ①, the duty cycle update instant ②, the 
driving pulse ③ and the modulating wave vd in Fig. 3. The 
computational delay Tcp between the sampling instant and duty 
cycle update instant cannot be eliminated, but the ideal real-
time calculation for the modulating wave satisfies that Tcp=0, 
which means that the sampling event happens at the instant of 
the duty cycle update. This ideal process, named as real-time 
calculation mode, is described as the sampling instant①, the 
driving pulse ④and the modulating wave vr, in Fig. 3. It can be 
seen that the driving pulse ③and ④ are the same during the 
interval from the instant kth to k+2th in Fig. 3(a) and the interval 
from the instant k-2th to kth in Fig. 3 (b). Consequently, the 
control performance in the real-time calculation mode is 
equivalent to that in the computational delay mode. 

However, during the interval from the instant k-1th to kth in 
Fig. 3(a) and the interval from kth to k+1th in Fig. 3(b), the 
driving pulse ③ is different from ④.This difference is caused 
by the computational duration Tcp, which lead to the loss of the 
duty cycle. Therefore, in order to achieve equivalent process of 
the real-time calculation, the ranges of the modulating wave v 
need to satisfy  

 *
2 2

1 1cp cp

sa sa

T T
v

T T
− < < −                      (10)                                    

Due to the limitation of the duty cycle shown in (10), by 
using the traditional method, the real-time calculation for the 
modulating wave cannot be achieved even if the duty cycle is 
updated immediately after the computational delay.  
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Fig. 3.  The loss of the duty cycle caused by the computational delay mode in 
the traditional sampling mode. (a) the case of the modulating wave near to -1, 
and (b) the case of the modulating wave near to 1. 

IV. THE PROPOSED REAL-TIME CALCULATION METHOD 

FOR MULTILEVEL CONVERTER 

A. The multiple sampling mode I 

The sampling mode I is shown in Fig. 4, the sampling and 
the duty cycle update happen in the peak and valley of all the 
triangular carriers, and there hereby are 2N sampling instants 
during one carrier period, that is  

 2 .
sw sa
T NT=                                 (11)  

In Fig. 4, Cxy represents the triangular carrier for leg y in cell 
x, and Cxb is the reciprocal of Cxa. The equivalent PSC-PWM 
process for multilevel converters to generate the desired output 
voltage v can be achieved by the comparison of the triangular 
carriers and modulating wave v. The amplitude of the carrier is 
divided into four sectors, and for N-cell cascaded inverter, there 
are 2N sectors, and the height of the sector can be expressed as  

 1/ .h N=                                    (12)                  
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Fig. 4.  The multiple sampling mode I.                                       

Fig. 5 shows the loss of the duty cycle due to the 
computational delay mode. In Fig. 5, vd is the output voltage of 
the inverter in the computational delay mode. vr is the output 
voltage of the inverter in the ideal real-time calculation mode. 
It can be seen that the loss of the duty cycle is also introduced 
provided that the modulating wave near to the peak point, 
valley point, and zero point of the carriers and these points 
appear at the sampling instant. The loss of the duty cycle can be 
avoided provided that the modulating wave is far away from 
these points, which means that v need to satisfy  
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v
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                        (13)                                     

which can guarantee that the duty cycle update in 
computational delay mode is equivalent to that in real-time 
calculation mode. For N-cell cascaded inverter, the loss of duty 
cycle still appears in the case of the modulating wave near to 
the value of the carriers at the sampling instant. The similar 
analysis method can be used to deduce the range of modulating 
wave as  

 *
4 4

2 1 2( +1) 1cp cp

sw sw

T T
mh v m h

T T
− + < < − −         (14)                            

where m=0,1…N-1. It can be seen that the range of 2-cell 
cascaded inverter shown in (13) is a special case shown in (14). 

This limitation of the modulating wave restrains the 
modulating range. In order to remove the limitation of the 
modulating wave shown in (13), a new sampling mode is 
proposed in this paper. 
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Fig. 5.  The loss of the duty cycle due to the computational delay in the multiple 
sampling mode I. (a) the modulating wave near to 1, and (b) the modulating 
wave near to -1. 

B. The proposed multiple sampling mode II 

The proposed sampling method samples the voltage and the 
current at the instants of intersections of all carriers, except for 
instants of the peak and valley of the carriers. The duty cycle is 
updated immediately after the computational delay Tcp. This 
sampling mode is shown in Fig. 6. 
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Fig. 6.  The proposed multiple sampling mode II.  
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Fig. 7 shows the loss of the duty cycle due to the 
computational delay in the proposed multiple sampling mode II. 
Similarly, there exists the loss of the duty cycle when the 
modulating wave is close to the value of the carriers at the 
sampling instant, and the output voltage of the inverter vd and 
vr are the same provided that the modulating wave satisfies 
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  (15)                                  

For N-cell cascaded inverter, the range of the modulating 
wave without the loss of the duty cycle can be deduced as  
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Fig. 7.  The loss of the duty cycle due to the computational delay in the multiple 
sampling mode II. (a) the modulating wave near to the positive intersections of 
all carriers. (b) the modulating wave near to the negative intersections of all 
carriers. 

C. The Selection of the Sampling Mode  

According to (14) and (16), it can be seen that the range for 
the modulating wave in the sampling mode I is different from 
that in sampling mode II. In order to eliminate the limitation of 
the modulating wave of these two sampling modes, the 
sampling mode I needs to be switched to the sampling mode II 
if the modulating wave is out of the range in (14) and vice-versa. 
And the upper limitation and lower limitation in (14) and (16) 
need satisfy  

4 4
2 -1 (2 1) -1   

4 4
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

 + − > + +


          (17)                   

which guarantees that the union of (14) and (16) for the 
modulating wave v* is equal to the complete set {v* :-1<v*<1} . 
And (17) can be further simplified as 

 = .
8 8
sw sw

cp

T h T
T

N
<                             (18)                   

The real-time calculation without the loss of duty cycle can 
be achieved by switching these two sampling modes provided 
that the computational delay Tcp is located in the range shown 
in (18). According to the range of the sampling mode I and the 
sampling mode II shown in (14) and (16), the criterion of 
sampling mode selection can be expressed as 

*

* *
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4 4
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(19)                   

This sampling mode selection can be achieved by using 
hysteresis comparator drawn as Fig. 8, where the coefficient am, 
bm, cm, and dm are deduced as 
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Fig. 8.  The sampling mode selection. 

For simplification, the hysteresis width 2Δh is set to zero 
and the criterion for the selection of the sampling mode can be 
deduced as 

 
*0.5 mod( 1,2 )mode I :

mode II :
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el
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h v h h < + <
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        (21)                  
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where mod (x, y) is the remainder function, which is equal to x-⌊x/y⌋y. ⌊x/y⌋ is the largest integer less than x/y. according to this 
selection of sampling mode, the real-time calculation method 
can be achieved without the loss of duty cycle.  

Fig. 9 shows the operation process of the proposed method. 
The modulating wave, calculated at the instant k-1th, is located 
in the range of the sampling mode I in (21). Therefore, the 
sampling mode is switched to the mode I at the instant kth. The 
real-time calculation of the modulating wave is achieved and 
the loss of duty cycle due to computational delay is eliminated 
by using the proposed method. 
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Fig. 9.  The selection process of the sampling mode. 

V. THE ANALYSIS FOR THE STABILITY BOUNDARY OF THE 

CONTROL LOOP 

The forward difference is applied to discretize the model in 
(1) of the L-filtered inverter, and the block diagram of digitally 
controlled inverter with L-filter is drawn as  

( 1)
sa
T

L z −
Gc(z) z-1iref

i
unit delay u

 
Fig. 10.  The block diagram of the digitally controlled inverter with L-filter. 

The proportional current controller (Gc (z) =Kp) is used to 
test the stability boundary of the current loop with different 
sampling method. In traditional sampling method, there exists 
the unit delay in the control loop but this time delay will be 
removed when the real-time calculation method is applied. The 
open loop transfer function with and without the unit delay can 
be expressed as  
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  (22)                                     

The phase crossover frequency of (22) satisfies 
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According to (23), the phase crossover frequency can be 
solved as 
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The corresponding critical proportional gain satisfies  
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Therefore, the critical proportional gain can be solved as  

 _ 1

_ 2

=2 /

=4 /
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p cr

sw

sit w

NL T
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                       (26)  

It can be seen from (24) and (26) that the phase crossover 
frequency and critical proportional gain in real-time calculation 
method are much larger than that in the traditional method, 
which means that the bandwidth of control loop is effectively 
improved by using the proposed method. 

VI. EPERIMENTAL TEST 

In order to verify the correctness and validation of the 
proposed method, the experimental tests are implemented and 
the experimental parameter is listed in Table I.  

TABLE I  
EXPERIMENTAL PARAMETER 

Parameter Value 
DC-link voltage of each cell 120 V 
The main voltage u (RMS) 100 V 

Filter inductance L 9 mH 
Switching frequency/Carrier frequency fsw 1250 Hz 

Fig. 11 shows the measured line current in steady state with 
different time delay. The total harmonic distortion (THD) by 
using the traditional method with the unit delay is higher than 
that by using real-time calculation method without time delay, 
which verifies that the selection of the sampling mode for 
achieving real-time calculation has no effect on the line current 
quality. 

Fig. 12 shows the measured line current in the instability 
state with the different method. In Fig. 12(a), the proportional 
gain is set to 42 Ω. The control system by using the traditional 
method with the unit delay becomes unstable and the resonant 
frequency is 833.3Hz, which is smaller than the resonant 
frequency(2500Hz) of the real-time calculation method shown 
in Fig. 12(b), where the proportional gain is set to 90 Ω. The 
bandwidth of the proposed real-time calculation method is 
much larger than that of the traditional method. 
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Fig. 11.  The measured line current with different time delay: (a) traditional 
method with the unit delay, and (b) real-time calculation method without the 
time delay (i: 5 A/div, Time: 10 ms/div, THD: 50mA/div, 1.25kHz/div). 
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Fig. 12.  The line current in instability state with the different methods: (a) 
traditional method with the unit delay, and (b) real-time calculation method. (i: 
5 A/div, Time: 10 ms/div, THD: 50mA/div, 1.25kHz/div). 

Fig. 13 shows the line current in the dynamic state, where 

Kp is set to 30 Ω and 45 Ω by using the traditional method with 
the unit delay and the proposed real-time calculation method, 
respectively. this proportional gain can guarantee that the 
controller can quickly track their reference current with little 
overshoot. It can be seen from Fig. 13 that although both 
controllers can track the reference, the proposed method can 
achieve a faster tracking with a smaller overshoot than that by 
using the traditional sampling method due to the larger 
proportional gain obtained by the proposed sampling method, 
which again implies that the real-time calculation increases the 
bandwidth of the control loop. 

1ms/div

 
(a) 

1ms/div

 
(b) 

Fig. 13.  The line current in the case of the sudden change of the reference 
current: (a) traditional method with the unit delay, and (b) real-time calculation 
method. (u: 50V/div, i: 5A/div, Time: 10ms/div) 

VII. CONCLUSION 

This paper has proposed a real-time calculation method for 
CHB multilevel converters modulated by PSC-PWM. a new 
sampling method, which samples the current and voltage at the 
intersection point of the phase shifted carriers is proposed. The 
selecting method of the traditional sampling mode and the 
proposed sampling mode is elaborated to avoid the limitation 
of the duty cycle due to the computational delay. The real-time 
calculation for the modulating wave is equivalently achieved by 
switching these two sampling modes, and the alternative 
selection of the sampling modes has no effect on the line current 
quality, and the bandwidth of the control loop is dramatically 
improved by using the proposed real-time calculation method. 
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