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Abstract— The use of series connected capacitors for high 

voltage applications has been proven to be beneficial for voltage 

stress reduction across power semiconductors. In a 3-phase grid 

any asymmetry in the value of the series capacitance may lead to 

significant variations in the voltage seen across the low voltage 

converter. This paper investigates the effects of an unbalanced set 

of series connected capacitors used to reduce the voltage stress 

across a three phase current source inverter (CSI) used as an 

active power filter and proposes a method to minimize the impact 

of unbalance on CSI voltage ratings. It is shown that through a 

proposed solution which adjusts the level of inverse sequence 

current component in the series capacitors, the reduced CSI 

voltage stress can be maintained for large capacitor unbalance and 

validated by simulation and experimental results.  

Keywords—Active power filter; Series Capacitor; Unbalance; 

Current Source Inverter 

I.  INTRODUCTION  

Converters interfaced to the grid via series connected capacitors 

have been investigated in literature with the outlined benefit of 

reduced semiconductor voltage stress [1-3]. The recently 

proposed hybrid inverter topology (Fig 1) consists of a slow 

switching, medium voltage rated, voltage source inverter VSI 

processing the bulk power connected to a medium voltage grid 

while producing a significant current ripple (20% of the peak to 

peak AC current) as shown in Fig 2c. A high switching 

frequency current source inverter CSI acts as an active filter 

cancelling the current ripple at the point of common coupling 

to provide low grid current THD (~2%)shown in fig. 2e while 

also synthesizing a fundamental current (50Hz) component 

injected through the series capacitors Cs to block the majority 

of the grid voltage. System scaling is shown in table 1 where K 

is the coefficient defining the maximum fundamental voltage 

on the CSI as a fraction of the maximum grid voltage. The CSI 

voltage stress, caused by the line to line voltage (Fig 2a), is 

therefore limited to less than 20% of the grid consisting of the 

fundamental voltage and the voltage ripple caused by the ripple 

current injected through Cs (Fig 2d) thus allowing the use of 

low voltage (1.2kV) switches. An in depth performance system 

analysis has been outlined in[4].     

Depending on the capacitor technology chosen and the 

operating conditions, the series capacitance may experience 

degradation over time with a capacitance deviation compared 

to the nominal value [5-8] leading to a load asymmetry. 

Although AC filter inductor asymmetry and unbalanced grid 

voltages have been widely investigated in literature for a three 

phase VSI [9, 10] as well as the effects of capacitor asymmetry 

on the resonance of LC filters [11, 12] there are no reports on 

the effects of a series capacitor asymmetry.  This paper focuses 

on the effects of a capacitor asymmetry on the hybrid topology 

with emphasis on CSI operation and performance under a 

control approach proposed in the next section.  

 
Fig. 1: Hybrid inverter topology 

 

TABLE I: SYSTEM SCALING FOR HYBRID TOPOLOGY OPERATION  

𝑉𝑔 𝐿−𝐿 𝑉𝑔 𝑝ℎ 𝑆 𝐼𝑔 Ldc Lf 

3.3 

kVrms 

2.7 

kVpk 

1.89 

MVA 

330 

Arms 
20mΗ 23μΗ 

𝑓𝑠𝑤
𝑉𝑆𝐼  𝑓𝑠𝑤

𝐶𝑆𝐼  Cs  Cp K Idc  

1kHz 30kHz 110μF  11μF 0.1 184A 



 
Fig. 2: Simulated waveforms showing  steady state operation(right) for a) CSI 

Voltages(line to line); b) Series capacitor and CSI Voltages(phase); c) 

Input (Main Converter) Current (Is) d) CSI Current (Ic) and DC link 

current; e) Output Grid Current (Ig) 

 

II. THE EFFECT OF SERIES CAPACITOR UNBALANCE 

 

 
Fig. 3: Fundamental frequency simplified single phase equivalent circuit 

 

Considering the simplified single phase equivalent circuit at the 

fundamental frequency, shown in Fig. 3, the CSI voltage is 

given by the difference between the grid and series capacitor 

voltages (1). The series capacitor voltage is controlled by 

injecting a calculated orthogonal current scaled by the 

capacitance (2). A smaller series capacitance requires a smaller 

fundamental current component to achieve a given fundamental 

voltage drop, however it produces a larger ripple voltage by the 

current injected through it therefore the choice of series 

capacitance is critical for system operation [4].   

 

𝑉𝑐𝑠𝑖 =  𝑉𝑔 − 𝑉𝑐                                                              (1) 

 

 𝑉𝑐 =
𝑖𝑐

𝑗𝜔𝐶𝑠
≈

𝑖𝑐𝑠𝑖

𝑗𝜔𝐶𝑠
                                                                       (2) 

 
In a three phase system, assuming a symmetrical fundamental 

current injection, a capacitor unbalance would cause an 

asymmetry in the capacitor voltages which will in turn be 

reflected on the CSI voltage. The situation is depicted in Fig. 5 

where the abc CSI, series capacitor and grid phase voltage 

phasors are plotted for a balanced series capacitor system in 

Fig4a and in Fig 4b for the same operating point but with an 

unbalanced set of capacitors where Cs-A and Cs-C have been set 

at 80% and 120% of the nominal value respectively.  It can be 

observed that although the alignment on the capacitor voltages 

is maintained at 120º, the resultant amplitude mismatch will 

cause a more significant phase and amplitude mismatch on the 

CSI phase voltages with the unbalance consequently reflected 

on the line-line voltage.    

 

 

 
Fig. 4a-b: Fundamental frequency phasor diagram plotted on polar coordinates 

of phase voltages for grid, series capacitor and CSI voltages in case of 

 a) symmetrical capacitors and b) unbalanced capacitors 

 

Based on the circuit shown in Fig3, the generic equations for 

the three phase system considering the system analysis for the 

positive, negative and zero sequence components are given the 

matrix solution:  

 

 

[𝑉𝑔] =
1

3
[𝐴][𝑍][𝐴−1][𝐼𝑐] + [𝑉𝑐𝑠𝑖]                                      (3) 

 

Where 

 

[𝑉𝑔] = [

𝑉𝑔
+

𝑉𝑔
−

𝑉𝑔
0

]             [𝐼𝑐] = [

𝐼𝑐
+

𝐼𝑐
−

𝐼𝑐
0

]             [𝑉𝑐𝑠𝑖] = [

𝑉𝑐𝑠𝑖
+

𝑉𝑐𝑠𝑖
−

𝑉𝑐𝑠𝑖
0

]                                                                       

 

b) 

c) 

d) 

e) 

a) 

b) 

a) 
𝑉𝑐𝑠𝑖 𝑏 

𝑉𝑐𝑠𝑖 𝑐 

𝑉𝑐𝑠𝑖 𝑎 

𝑉𝑐𝑠𝑖 𝑎 

𝑉𝑐𝑠𝑖 𝑐 

𝑉𝑐𝑠𝑖 𝑏 

𝑉𝑔 𝑎 

𝑉𝑔 𝑏 

𝑉𝑔 𝑎 

𝑉𝑔 𝑏 

𝑉𝑔 𝑐 

𝑉𝑔 𝑐 

𝑉𝑐 𝑎 

𝑉𝑐 𝑎 

𝑉𝑐 𝑏 

𝑉𝑐 𝑏 

𝑉𝑐 𝑐 

𝑉𝑐 𝑐 

𝑖𝑐 𝑎 
𝑖𝑐 𝑏 

𝑖𝑐 𝑐 



𝐴 = [
1 𝑎 𝑎2

1 𝑎2 𝑎
1 1 1

]      𝑤ℎ𝑒𝑟𝑒      𝑎 = 𝑒𝑗
2𝜋

3                                         

 

𝑍 = [

𝑍𝑎 0 0
0 𝑍𝑏 0
0 0 𝑍𝑐

]    𝑤ℎ𝑒𝑟𝑒  𝑍𝑝ℎ =  
1

𝑗𝜔𝐶𝑝ℎ
                                 

 

 

The solution could also be used to investigate the effects of grid 

unbalance however for this scenario, where the grid voltages 

remain balanced, only positive sequence grid voltage is 

expected (𝑉𝑔
− =  𝑉𝑔

0 = 0). The negative and zero sequence 

components are reflected between the CSI and series capacitor 

voltages. From the expansion of the above solution it can be 

seen that the negative and zero sequence CSI voltage 

components are non-zero in the case of unequal impedances in 

matrix Z. However, as zero sequence currents cannot be 

synthesized in a three wire system (𝐼𝑐
0 = 0) any zero sequence 

component will not be observed on the CSI phase or line 

voltages but will instead be reflected upon the series capacitor 

voltages and as common mode voltage between the grid star 

and the star created by filter capacitor Cp.  

 

The problem is investigated further in Fig. 5 where phase A Cs 

has been reduced to 70% of the nominal value. The additional 

phase-A series capacitor voltage causes a misalignment of the 

CSI voltages in both phase and amplitude with the peak voltage 

stress increasing from 550V to 1kV. The unbalance is 

quantified with the decomposed positive, negative and zero 

sequence series capacitor voltages shown in Fig. 6. The 

disturbance creates non-zero negative sequence as well as a 

significant zero sequence component oscillating at the 

fundamental frequency. The large oscillations, caused by the 

power fluctuation at twice the fundamental frequency, on the 

positive and negative sequence can be observed directly on the 

DC-link current therefore also increasing the maximum CSI 

current stress. Nonetheless the AC current synthesis will remain 

unaffected given that the minimum DC-link remains above the 

reference current.   

 

In order to restore the CSI voltages to a balanced state, an 

asymmetrical set of AC fundamental currents must be 

synthesized with the solution focusing on the minimization of 

the negative sequence voltage component extracted either 

across the CSI or series capacitor voltages.  
 

 
 

Fig. 5: Steady state operation for capacitor unbalance Cs-A=70%) 

 a) CSI Voltages(line to line); b) Series capacitor and CSI Voltages(phase); c) 
CSI Current (Ic) and DC link current; d) Output Grid Current (Ig)  

 

 

 
 

Fig. 6: Steady state operation for capacitor unbalance (Cs-A=70%)  
a) Series capacitor voltages(phase); and decomposed b) zero sequence 

voltage; c) Positive sequence voltage; d)negative sequence voltage 
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Fig. 7: CSI Control scheme showing negative sequence compensator as well as positive sequence control, ripple extraction and DC voltage compensator 

 

III. CSI CONTROL SYSTEM 

The proposed control scheme consists of a negative sequence 

compensator added to the fundamental current reference. As 

zero sequence cannot be synthesized, the CSI modulator will 

naturally filter out any zero sequence component present in the 

modulating reference waveforms.  

 

Contrary to a grid voltage unbalance condition where special 

considerations have to be taken to maintain synchronization, the 

grid voltages remain unaffected with the disturbance shared 

only between the CSI and series capacitor voltages thus the VSI 

control scheme can be maintained. The positive sequence dq 

current references are calculated based on the active power 

required to balance the dc link and the desired voltage drop 

based on the nominal capacitor values. The extraction of the 

negative sequence component is based on a decoupled double 

synchronous reference frame DDSRF [13] approach with a 

controller controlling the negative sequence dq components 

which are added to the positive sequence dq reference currents. 

Given that the CSI voltage has a higher signal to noise ratio 

SNR due to the low fundamental amplitude as well as the 

presence of CSI switching frequency harmonics, the negative 

sequence disturbance is extracted by measuring the series 

capacitor voltages. If the extraction is taken using the CSI 

voltages, the polarity of the inverse sequence reference currents 

should be inverted. The remaining elements in the control 

system, shown in Fig. 7 are the current ripple extraction and the 

DC voltage compensator needed to prevent any DC voltage 

build up between the CSI and series capacitor voltages which 

would result in DC voltage drift. 

 

IV. SIMULATION RESULTS 

To test the effectiveness of the proposed control approach that 

minimizes the CSI voltage stress under unbalance, two 

scenarios have been simulated. Although realistically the 

change in capacitance is expected to occur over a long time 

period, the process has been sped up with the transient 

performance shown in Fig. 8 and Fig. 9 focusing on the CSI DC 

link current, CSI and series capacitor voltages, and the negative 

and zero sequence components to reflect the level of unbalance. 

In Fig. 8 the capacitor unbalance is activated at time t=0.2s with 

the phase capacitor values ramped to 85%, 130%, and 85% of 

the nominal value while the negative sequence compensator is 

disabled. It can be seen that the zero and negative sequence 

voltage components increase in proportion with the capacitor 

change with a corresponding disturbance observed in the DC-

link current ripple reaching a maximum value of 35A. 

 

 Current ripple cancellation is activated at t=0.8 to achieve full 

system operation showing a further disturbance caused by the 

additional voltage ripple. The negative sequence compensator 

is then activated at time t=1.2s resulting in an immediate 

reduction of the negative sequence components and dc link 

current oscillation thus validating its operation. The CSI 

voltages return to a balanced condition within 0.2s with the 

peak voltage reduced from 820V to 500V. The zero sequence 

unbalance is contained on the series capacitor voltages with the 

peak series capacitor voltage reaching 2.8kV. The shortfall of 

this control approach is therefore that the series capacitors have 

to be significantly overrated compared to the grid voltage.  

 

In the second scenario shown in Fig. 9, the ripple cancellation 

is activated at t=0.3s having the negative sequence compensator 

already initiated. The capacitor unbalance is activated at t=0.5s 

with Cs-A ramp to 70% and Cs-C to 130% of the nominal value 

whilst phase B capacitance remains unchanged. It can be 

observed that even though a disturbance is visible on all voltage 

and current waveforms, it is contained at much lower levels 

compared to Fig. 8. The negative sequence disturbance is kept 

at less than 100V while the maximum DC link current ripple 

has been measured at 17A.  
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Fig. 8: Transient performance under unbalanced capacitor scenario, t=0.2s 

capacitor unbalance; t=0.8s ripple cancellation activation; t=1.2s negative 
sequence compensator activation;  showing a) Series capacitor values ramp per 

phase; b) Series capacitor zero sequence component; c)Series capacitor 

negative sequence component; d) CSI line-line voltages e) CSI and series 
capacitors phase voltages e)CSI DC link current 

Fig. 9: CSI Transient performance under unbalanced capacitor scenario, t=0 

negative sequence compensator activation; t=0.3s ripple cancellation 
activation; t=0.5s capacitor unbalance;  showing a) Series capacitor values 

ramp per phase; b) Series capacitor zero sequence component; c)Series 

capacitor negative sequence component; d) CSI line-line voltages e) CSI and 
series capacitors phase voltages e)CSI DC link current 

                                      
Fig. 10a-b: CSI voltage locus a) blue locus showing unbalanced operation prior to negative sequence compensation and red locus showing operation after 

compensation for scenario depicted in Fig 8; b) blue locus showing maximum CSI voltage stress during transient condition shown in Fig 9 while red locus depicts 
the steady state balanced operation 
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To verify the CSI voltage balance, the voltage locus has been 

plotted (CSI switching frequency filtered) for the first scenario 

in Fig. 10a with the blue locus showing operation before 

negative sequence compensation having an elliptical trajectory, 

typical of unbalanced conditions, while the red locus shows 

steady state operation after compensation with the circular 

trajectory verifying balanced operation. The blue locus shown 

in Fig. 10b shows the maximum VSI voltage during the 

transient, showing a higher voltage stress but maintaining the 

circular trajectory compared to the red locus showing steady 

state balanced operation. It should be noted that the indentations 

around the locus perimeter are an effect of the switching current 

ripple production and are expected in this application.       
 

 

 

 

 

The steady state operation of the compensated CSI and series 

capacitor voltages under both unbalance scenarios are depicted 

for 3 cycles in figures 11 and 12. It can be observed that in both 

cases the CSI line-line peak voltage remains under 500V while 

all phase voltages remain fairly symmetrical with the peak 

voltage difference between phases measured at 76V and 67V. 

Considering the extreme level of capacitor voltage unbalance 

this can be considered acceptable along with the DC current 

ripple oscillation of less than 10A. 

 

Finally the fundamental grid current component difference 

between phases has been measured at 23A and 12A which can 

be considered reasonable compared to the peak reference value 

of 470A showing a minimal impact on grid current. The grid 

current THD has been calculated ranging from 2.1% to 2.5% 

between the three phases for both scenarios. It can be concluded 

that under the proposed control approach the hybrid system can 

remain operational under significant capacitor unbalance 

conditions with minimal effect on the active filtering 

capabilities of the CSI.  

V. EXPERIMENTAL RESULTS 

The preliminary experimental validation has been carried out 
with 415V/50Hz 3-phase grid  where the main two-level VSI is 
operating as a rectifier with a DC-link  resistor as a load, 
processing about 4kW whilst being fed from a three phase 
electronic AC supply (12kVA Chroma 61705). The schematic 
of the setup is shown in Fig. 13 with the parameters of the main 
circuit components being summarized in Table II. The clamp 
circuit connected to the CSI input and output which is needed 
for protection during a hardware trip, enables also the 
monitoring of the clamp voltage which will directly reflect the 
maximum input CSI line voltage. The nominal series 
capacitance considered in the design stage has been chosen as 
12μF [14]. The operation of the hybrid converter is illustrated in 
Fig. 14a which shows the VSI current containing a significant 
amount of switching ripple, the current injected by the auxiliary 
CSI and the resulting clean grid current along with Fig. 14b 
showing the three phase CSI voltages and clamp voltage during 
full system operation under balanced conditions.   

Two tests have been considered; in the first test, the capacitance 
Cs-B has been increased to 14μF. In the second test, Cs-B has been 
increased to 14μF while Cs-A has been decreased to 9.4μF. In 
order to be able to asses clearly how the effect of unbalance seen 
on the CSI input voltage is mitigated, the experimental 
validation will be conducted without activating the main VSI 
current ripple cancellation therefore the CSI performs only a 
fundamental current component injection. The results shown in 
Fig. 15-16 include the three phase input voltages of the CSI 
along with the clamp DC voltage.  

TABLE II: COMPONENT VALUES INGS FOR EXPERIMENTAL VALIDATION 

Rdc Cdc L1 Lf Ldc Rf 

140Ω 550μF 11mH 300μΗ 30mΗ 50Ω 

Vgrid Cs Cp Rclamp Rcs Cclamp 

415Vrms 12μF 1μF 100kΩ 100kΩ 20μΗ 

 

Fig. 11: Steady state operation for capacitor unbalance shown in Fig 8 

after negative sequence compensation showing 

 a) CSI Voltages (line to line); b) Series capacitor and CSI Voltages 
(phase); c) CSI DC link current 

Fig. 12: Steady state operation for capacitor unbalance shown in Fig 9 

after negative sequence compensation showing 

 a) CSI Voltages (line to line); b) Series capacitor and CSI Voltages 

(phase); c) CSI DC link current 
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Fig. 13: Topology used for experimental validation 

 

 

 
Fig. 14a-b: Full hybrid operation (ripple cancellation enabled) with 

balanced series capacitors showing a) Phase A VSI current Is, CSI current Ic 
and grid current Ig and b) CSI three phase voltages and clamp voltage   

 

Fig. 15a shows the operation of the CSI for the first test without 

the negative sequence compensator activated. As the CSI 

injects only the direct sequence fundamental currents, the 

voltage drop across the series capacitors which have been 

deliberately unbalanced, will be imbalanced. Since the supply 

voltage is balanced, all the series capacitor voltage imbalance 

is reflected at the CSI inputs. This is clearly shown in Fig. 15, 

where a slight but visible asymmetry between the CSI voltages 

with the clamp voltage reaching 118V. This is 20% higher than 

compared to when the negative sequence compensator is 

enabled (99V), which causes also the CSI input voltages to 

become balanced as shown in Fig. 15b.  

 

 
Fig. 15: CSI three phase voltages and clamp voltage for operation with 

unbalanced series capacitors (Cs-A=Cs-C=12μF, Cs-B=14μF) whilst the negative 
sequence compensator is a) disabled; b) enabled. 

 

 
Fig. 16: CSI three phase voltages and clamp voltage for operation with 

unbalances series capacitors (Cs-A=9.4μF, Cs-B=14μF, Cs-C= 12μF) and the 
negative sequence compensator a) disabled; b) enabled 

The asymmetry is more significant in the second test, as shown 

in Fig. 16a, where the unbalance causes a major phase shift on 

two of the phase voltages, resulting in a situation where VcsiA 

and VcsiC in phase, but in anti-phase with VcsiB. When the 

negative sequence compensator is enabled (Fig. 16b) the 

normal phase shift between the three CSI input voltages is 

restored to symmetry although a small amplitude mismatch can 

still be observed. The peak voltage stress also reduces 

considerably, as reflected by both the maximum of the peak 

phase voltage reduction and also by the reduction in clamp 

voltage from 112V to 78V.  

 

To be able to observe clearly the effect the proposed negative 

sequence compensator has, the corresponding CSI voltage loci 

have been plotted in Fig. 17 for both tests considered before and 
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after the compesator activation, verifying that the use of the 

negative sequence compensator restores the symmetry to the 

the CSI voltages that provides a reduction in the maximum CSI 

voltage stress, thus validating the proposed approach. 

 

 
 

Fig. 17a-b: CSI input phase voltage locus for two experimental scenarios 
considered.  Blue locus showing unbalanced operation prior to negative sequence 
compensation and yellow locus showing operation after compensation for a) Cs-

A=Cs-C=12μF, Cs-B=14μF and b) Cs-A=9.4μF, Cs-B=14μF, Cs-C= 12μF 

VI. CONCLUSION 

This paper continues the investigations in the area of hybrid 

power converters consisting of a main VSI that has its switching 

ripple canceled by an auxiliary low voltage/power rated CSI, 

connected via series capacitors. It has been demonstrated that 

an unbalance of the value of the series capacitors could have a 

detrimental effect causing an increased voltage and current 

stress on the auxiliary CSI active power filter. Under the 

proposed control scheme it is shown that by using a negative 

sequence compensator, the positive and negative sequence 

disturbance can be minimized that results in the CSI voltages 

remaining balanced and having a smaller peak and the DC link 

current oscillation minimized. The compensator performance is 

evaluated in simulation under significant capacitor unbalance 

(±30%) showing that the impact on the hybrid system operation 

is minimal both in terms of active filtering capability of the 

circuit and also on the CSI voltage stresses. Preliminary 

experimental results have been provided at full grid voltage 

level but working only in reactive current compensation mode 

(fundamental component injection only) showing the CSI 

voltage unbalance is minimized and that the voltage stress 

across CSI switches is reduced from 118V to 78V.  
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