
 

Abstract—The paper presents three-phase power converter 

control under grid voltage imbalance. The proposed method 

adapts the current imbalance in relation to the inverter or 

rectifier operation. Under the inverter operation, the control 

target is to have the non-oscillatory p component of instantaneous 

power and the xv component of instantaneous virtual torque 

calculated as the dot product of the grid virtual flux vector and 

the converter current vector. Then, the phase with lower voltage 

is supported by higher current. In the rectifier mode, the control 

target is to have the non-oscillatory q component of power and 

the Tv component of virtual torque calculated as the cross 

product of the virtual flux and the converter current. This way, 

the phase with the highest voltage is loaded by higher current. 

Unbalanced current obtained in both targets is limited in the way 

that allows to limit true phase current and retain sinusoidal 

current waveforms. However, it does not allow maximum power 

transfer at the given grid voltage asymmetry, so in order to 

increase the power value, current progressive balancing is 

proposed in both operation modes. Finally, converter current 

balancing is applied also in the case in which a significant amount 

of reactive power is referenced. 

Index Terms—AC-DC power conversion, current control, current 

limiters, power control, torque control. 

I. INTRODUCTION 

NBALANCED grid operation of three-phase power 

converters during asymmetrical voltage sags has recently 

become an important research issue. Classic methods like 

vector control [1][2], or direct power control DPC [3][4] are 

sensitive to transformation angle distortions, which if 

calculated without filtration, introduce current waveforms 

deterioration in the case of grid voltage distortions.
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In order to keep sinusoidal current under grid voltage 

harmonics, the phase locked loop PLL or virtual flux 

orientation [5][6] are introduced to remove oscillations from 

the transformation angle. Although both methods of reference 

frame angle filtration have similar properties in case of 

harmonics distorted grid, the PLL has an advantage over 

classic virtual flux orientation in the case of unbalanced 

voltage. The virtual flux orientation reduces transformation 

angle oscillations caused by grid voltage harmonics, but it 

does not reduce oscillations caused by grid voltage 

asymmetry, because the content of positive and negative 

sequence in the virtual flux is the same as in grid voltage. To 

avoid transformation, the converter current can be controlled 

in the stationary  frame with proportional-resonant PR 

controllers. However, even in this case the reference signals 

must be assigned properly to achieve the targets of converter 

current during unbalanced grid conditions. 

Power converter structure allowing both inverter and 

rectifier modes of operation for unbalanced grid voltage is 

presented in Fig. 1. The idc current will be created in the 

laboratory unit by the second three-phase converter fed from a 

separate grid and controlled by classic voltage oriented vector 

control method in a dq frame. 
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Fig. 1. Scheme of three-phase power converter connected to an unbalanced 

grid. 
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The possible targets are symmetrical current [7]-[9], current 

asymmetry opposite to voltage asymmetry (constant p 

component of instantaneous power) [10][11], and current 

asymmetry corresponding to voltage asymmetry (constant q 

component of instantaneous power) [12]-[19]. The constant p 

power component target providing sinusoidal current with 

imbalance opposite to voltage imbalance is beneficial in the 

inverter operation mode, because the phase with lower voltage 

is supported by higher current. It does not produce DC voltage 

oscillations that occur in the other targets. The constant q 

power component produces current imbalance corresponding 

to grid voltage imbalance, which means a unity power factor 

in each phase. This target does not deepen voltage asymmetry 

in the rectifier mode, because the phase with higher voltage is 

loaded more than the other phases. A thorough analysis of 

power inverter operation in a distribution grid under 

unbalanced voltage has been made in [20]. 

Although different targets of power/current are analyzed in 

a number of papers in detail, and their positive or negative 

influence on the converter operation and grid voltage 

conditions are described, a criteria and, in consequence, 

algorithms for targets change are rarely discussed. The authors 

of [21] propose progressive change of the target from the 

constant p component of power to symmetrical current target 

(progressive current balancing) in order to avoid exceeding the 

maximum current. The paper presents a detailed analysis 

confirmed by wide laboratory tests results including transients. 

However, the current limitation is set so that the maximum 

vector length does not exceed the radius of the circular 

hodograph representing the maximum sinusoidal balanced 

current. This can be equal to the phase current limitation only 

in the case in which the major semi-axis of the elliptical 

hodograph lies along one of the phase axes. In other cases, the 

elliptic hodograph does not touch the hexagon and the 

maximum phase current is not reached until it is fully 

balanced. 

The targets change for converter current has been achieved 

also in [22]. Although the targets change has been well 

explained, the criteria for targets change have not been 

provided, and the target is selected and progressively changed 

in an arbitrary way by introduction of factors kp, kq, 

responsible for the content of negative sequence active and 

reactive current without taking into consideration converter 

current constraints. The paper presents a four-leg converter 

able to eliminate the zero sequence component in the four-

wire system. However, the goal of zero sequence current 

elimination can be naturally achieved in the three-wire system 

topology, where the zero sequence cannot flow, so the 

application of a four-wire system in such a case is 

questionable. The control method presented in the cited paper 

does not have a deeper justification (cascaded control of grid 

side inductance current and converter side inductance current 

of an LCL filter). The inner control structure has not been the 

main point of the paper, but it should allow, at least in the 

steady state, a satisfactory quality of the generated current, but 

it does not. Experimental results are not satisfactory due to 

poor current quality. An interesting point of the paper is 

introduction of a factor that allows flexible targets change and 

to reach intermediary steady states between the targets. 

However, the DC voltage oscillations should not necessarily 

be the main criteria of factor assignment in most cases, but the 

phase currents constraints and operation mode (inverter or 

rectifier) should. The issue of current limitation has not been 

analyzed in the paper. 

[23] shows the progressive balancing method for a three-

phase converter using instantaneous virtual grid torque 

calculation for rectifier operation taking into account the 

unbalanced phase current true limitation, and some 

comparison between the current limitation methods. 

Progressive balancing has been achieved through the 

introduction of intermediate  to dq transformation and 

reduction of 100Hz current vector components oscillations in 

this frame using band pass filters with an adaptive damping 

factor. The paper was related only to rectifier operation so the 

constant p power component target (current asymmetry 

opposite to voltage asymmetry) was not implemented. In the 

current paper, the instantaneous virtual torque control method 

was mixed with the instantaneous power control method to 

achieve the required targets for both the rectifier mode and the 

inverter mode. This way the current balancing structure has 

been obtained in a simpler manner without intermediate  to 

dq transformation and adaptive band pass filters, but with 

weighting factors providing weighted equivalent asymmetry 

of the current in the range of asymmetries between 

corresponding and opposite asymmetry of voltage. 

Additionally, the true phase current limitation method has 

been simplified by elimination of phase locked loops in these 

structures. 

II. CONVERTER REFERENCE CURRENT CALCULATION 

A. Instantaneous orthogonal torque components assignment 

Equations (1)(2) describe a grid connected active rectifier 

equipped with an inductive filter, in the  frame. 

 (1) 

 (2) 

ug is the grid voltage vector, i is the current vector, uc is the 

voltage vector created by the power converter, RL is the 

inductor resistance, and L is the filter inductance. 

The DC voltage derivative (3) depends on the p component 

of instantaneous power and load current idc. 

 (3) 
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 The p and q component of instantaneous power by Akagi 

is calculated by (4)(5) 

 (4) 

 (5) 

Analogously to the power components equations, equations 

describing the virtual torque orthogonal components Tv, and xv 

(6)(7) can be introduced. It has to be noted that the torque 

components are calculated in the manner in which the positive 

sign of Tv is for rectifier operation and the positive sign of xv is 

for inductive reactive power. 

 (6) 

 (7) 

iα, iβ are converter current vector components in αβ 

coordinates, ψg, ψg – virtual flux vector components. 

These new variables can help to assign the reference current 

for the targets allowing asymmetrical current in both inverter 

and rectifier modes, respectively. The DC link controller 

references the p component of power according to (3) and the 

q component of power is referenced arbitrarily (or optionally 

from a superior algorithm, depending on the grid code). It is 

possible to assign reference instantaneous virtual torque 

components Tv, xv, as a function of pq power components. 

Based on equations (6)(7), and replacement of the actual 

variables with the reference ones, the current vector 

components can be derived as a function of the pq component 

of instantaneous power (8)(9). 

 (8) 

 (9) 

Based on (6)-(9), the torque components can be assigned as 

a function of power components (10)(11). 

 (10) 

 (11) 

Instantaneous values of factors k11-k22 are oscillating during 

the grid voltage period, but their average values can be 

identified as (12)(13). 

 (12) 

 (13) 

Although the assumptions (14)(15) are mathematically not 

accurate, because the product of average values is not equal to 

the average value of the product, the existing error concerns 

the internal control variables p, q, Tv, xv. 

 (14) 

 (15) 

The true average values of virtual torque components Tv and 

xv can be calculated using low pass filters of the terms k11p and 

k12q, k21p and k22q (10)(11), but introduction of additional low 

pass filters will deteriorate control dynamics. The variables are 

referenced directly from outer controllers and these outer 

controllers will compensate for the occurring error. 

B. Calculation of the reference current based on reference 

virtual torque and instantaneous power components 

 Two sets of reference variables are used for reference 

converter current calculation. For the target giving the same 

asymmetry of current as asymmetry of voltage, which is 

beneficial for the grid in the rectifier mode, the p component 

of power is of oscillatory character. Determination of adequate 

oscillations of p power components requires a number of 

calculations and signals decomposition in classic methods. 

However, the relation in a DFIG system [24] has been found 

that for this target the electromagnetic torque is constant and 

can be used as a reference. Due to the similarity, the calculated 

virtual torque component Tv and the q component of 

instantaneous power (5)(6), which are fixed in this target, can 

be used for reference current components calculation (16)(17). 

 (16) 

 (17) 

 For the second target giving current asymmetry opposite to 

voltage asymmetry, which is beneficial for the grid during the 

inverter mode, the p component of power is constant, but the q 

component is of oscillatory character. The required 

oscillations of the q power component have to be determined 

to assign the correct value of reference current. However, 

instead of q power component assignment, the xv
* component 

of virtual torque can be used for reference current components 

i2
*, i2

* calculation (18)(19) 

 (18) 

 (19) 

This way, using the sets of reference variables p*-xv
*, and 

Tv
*-q*, the reference currents for both targets are calculated. A 

detailed scheme of the method is presented in Fig. 14. 

Reference p* power signal is produced by a DC voltage 

controller, whereas the q* component of power is provided by 

an arbitrary signal qref and some correction signal qcorr. 

Correction signal qcorr produced by a power controller is 

introduced due to the fact that in the case of xv
* control, the 

average value qavg of the power component is different from 

arbitrarily referenced signal qref. Similarly in the case in which 

the Tv
* component of torque is used for reference current 

calculation, the reference p* component of power is not equal 

to its average value during unbalanced grid connection. This is 
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caused by simplifications of (14)(15). However, the DC 

voltage controller and the introduced q power component 

correction controller eliminate steady state errors resulting 

from the mentioned simplifications. 

Although there are several theories related to reactive power 

and different methods of its calculation, other signals than the 

average value of the q power component (by Akagi (5)) can be 

used as reactive power indicators. However, this may change 

only the input part related to actual reactive power calculation 

and the rest of control is left without modifications. An 

exemplary way of another reactive power calculation is the 

use of the dot product of the grid voltage vector delayed by 

/2, and the converter current vector [17]. Calculated this way 

the q component of power (20) is equivalent to the xv 

component scaled by grid voltage pulsation s (20). 

 (20) 

the ugα
d, ugβ

d are grid voltage vector components in αβ 

coordinates delayed by /2, that means by 5ms for 50Hz. 

However, neither the instantaneous values of q and q nor 

their average values qavg and qavg are equal so the correction 

controller of average q power is introduced to obtain exact 

value of qavg power at reference level. Using the average 

values of the classic Akagi’s p component of power (4) and 

the q component of power (20) as primary reference signals, 

the reference current vector components i_pq
, i_pq

can be 

derived (21)(22). 

 (21) 

 (22) 

“+” and “–“ denote positive and negative sequence 

components, and kp, kq are the factors responsible for the 

desired targets. 

 Fig. 2 presents both ways of reference current calculation – 

(16)-(18) and (21)-(22) – which provide similar results, which 

means similar waveforms of reference current components in 

the  frame in both steady states and transient (Fig. 2b). To 

obtain constant p power in the inverter mode, the i2
*, i2

* 

(18)(19) are applied in the time period from 0.5 to 0.6, and 

similar results are obtained using kp=1 and kq=-1 in (21)(22). 

In the rectifier mode in the time period from 0.6 to 0.7, i1
*, 

i1
* (16)(17) are used providing constant virtual torque Tv and 

similar results are obtained using kp=-1 and kq=1 in (21)(22). 

Although it can be seen that management of kp and kq factors 

can provide results similar to the proposed method, the 

automatic change procedure (criteria) of these factors (so the 

targets) has not been proposed in [17]. The difference between 

the average values of actual power components and virtual 

torque components scaled by pulsation are close to the 

reference (Fig. 2cd), and the error is on a negligible level. 

Finally, the reference power and torque components are 

provided by outer controllers and small steady state error in 

the inner loop is compensated for. 
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Fig. 2. Simulation results presenting unbalanced grid voltage uga, ugb, ugc, 

reference currents obtained with the proposed equations i
*, i

* (16)-(19) (i
*, 

i
* before 0.6s, and i

*, i
* after 0.6s), and with the equations from [17] 

i
*

pq, i
*

pq, reference Tv
* and actual Tv virtual torque components 

scaled by s, and the p component of power, and reference q*, actual q, 

orthogonal qcomponent of power, and xv component of virtual torque scaled 

by s. 

C. Calculation of fundamental harmonics grid voltage and 

virtual flux  components 

Components of the voltage vector ug, ug and virtual flux 

vector g, g can be obtained with several methods. 

Recently, the most popular ones are second-order generalized 

integrator structures [17][19] used for calculation of direct and 

quadrature components of oscillated signals. For flux 

calculation components, the quadrature component from the 

SOGI structure must be scaled by the first harmonics pulsation 

s
-1 to obtain adequate gain of this output of the SOGI filter. It 

has been found that the transfer functions of the SOGI filters 
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represent the second-order low pass filter and the second-order 

band pass filter. Although the low pass filter gain for 

frequencies higher than cut-off is low enough to reduce higher 

frequencies like the 5th and 7th harmonics to a negligible level, 

the band pass filter responsible for direct component 

calculation has a significantly higher gain for higher 

frequencies and cannot eliminate them satisfactorily when 

they have a high content in the original signal. Therefore, 

another structure is used to eliminate high frequency 

components from the measured signals of voltage vector 

components and calculated virtual flux vector components. 

Firstly, the transformation from abc to  coordinates is 

made. Next, the second-order low pass filters G_LPF, G_LPF 

(fcutoff=50Hz, damping factor 0.5, gain s
-1) are used for 

calculation of virtual flux components g, g. This is to 

obtain the same dynamic properties of a low pass filter like in 

the classic SOGI structure. Secondly, second-order high pass 

filters Gu_HPF, Gu_HPF (fcutoff=50Hz, damping factor 0.5, gain 

s) are used for calculation of fundamental frequency 

components of the grid voltage ug, ug. A scheme of grid 

voltage and virtual flux fundamental components calculation 

is shown in Fig. 3a, whereas an equivalent diagram is shown 

in Fig. 3b. 
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Fig. 3. Scheme of the virtual flux and grid voltage fundamental (50Hz) 

components calculation method (a), and its equivalent diagram (b). 

The used filters have the following transfer functions: 

 (23) 

(24) 

Finally, the ug to ug_n transfer function of the filters 

composed with LPF and HPF, can be represented by an 

equivalent fourth-order band pass filter Gu_BPF, Gu_BPF. and 

an equivalent ug to ug_n transfer function takes the form 

(25) 

This method reduces the error caused by initial conditions 

of the integral during virtual flux calculation with the classic 

method and assures 90 degrees phase shift between respective 

fundamental components of voltage and flux vectors (ug – 

g, ug – g) under fixed frequency. Moreover, it damps the 

high harmonics components in the signals used for power 

components calculation more effectively than other methods. 

Therefore, it is used for the reference current vector 

components calculation in the method presented in this paper. 

Fig. 4 presents the Bode plots of gain and phase 

characteristics obtained with SOGI filters and the filters used 

in the paper. It can be seen that a low-pass filter used for flux 

component calculation has exactly the same gain and phase 

characteristics as the low-pass filter obtained from SOGI 

(|G_LPF|=|G_SOGI|, _LPF=_SOGI), whereas the 

obtained fourth-order band-pass filter has a lower gain 

|Gu_BPF| for higher frequencies than the gain |Gu_SOGI| of the 

second-order band-pass filter obtained from SOGI, whereas 

both have the same zero phase shift for central frequency 

50Hz (u_LPF|50Hz=u_SOGI|
50Hz=0). 
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Fig. 4. Bode plots of the SOGI filters and the filters used in the paper for first 

harmonics grid voltage and virtual flux components calculation, a) gain 

characteristics of filters in dB, b) phase characteristics of filters in degrees. 

Fig. 5 presents the response of SOGI filters and the used 

filters on the initial step of grid voltage  component distorted 

by 10% of 5th harmonics. According to the characteristics 

from Fig. 4, the response of filters for virtual flux (_SOGI, 

_LPF) is the same for both types of structures. The response 

of an equivalent band-pass filter for the first harmonics of grid 

voltage (u_BPF) is slightly slower than the SOGI filter 

(u_SOGI), but contains less 5th harmonics in the steady state. 
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Fig. 5. Simulation results presenting original signal of distorted grid voltage 

u component, first harmonic of the voltage and virtual flux scaled by 

pulsation calculated by SOGI, first harmonic of the voltage and virtual flux 

scaled by pulsation calculated with low pass and band pass filters. 

III. REFERENCE TARGETS SELECTION 

A. Reference targets for inverter and rectifier operation 

The current asymmetry opposite to voltage asymmetry in 

the inverter mode is shown in Fig. 6 in the time period from 

0.4s to 0.6s. In the inverter operation mode it may decrease the 

grid voltage asymmetry factor afu in the point of common 

coupling PCC. The current asymmetry corresponding to the 

voltage asymmetry in the rectifier mode is shown in Fig. 6 in 

the time period from 0.6s to 0.8s. It does not deepen voltage 

asymmetry during rectifier operation and the voltage 

asymmetry factor is the same as during initial state with zero 

current operation. Influence of the active and reactive current 

on the grid voltage depends on the grid impedance character. 

For resistive character, the voltage in PCC may change 

depending on the active current, whereas for reactive 

character, the voltage changes depending on the reactive 

current. Fig. 6 shows the case in which the values of grid 

resistance and reactance are the same (Rg=2, XLg=2), but in 

general it is not representative. However, in most cases, power 

converters are connected to lines with unidentified grid 

impedance parameters, which additionally may vary 

depending on the change of impedance of local load supplied 

from the same grid. 

afu
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Fig. 6. Simulation results presenting unbalanced grid voltage uga, ugb, ugc in 

PCC, unbalanced converter current ia, ib, ic, grid voltage asymmetry factor afu, 

average values of pq components of instantaneous power, in the inverter 

(0.4s-0.6s) and rectifier (0.6s-0.8s) operation, showing the cases of current 

imbalance beneficial for the power grid. 

B. Reference target change depending on the operation mode 

In some cases it is difficult to decide what type of current 

asymmetry will be more beneficial – compatible with grid 

voltage asymmetry, or opposite. This is because the negative 

reactive power and the positive active power (rectifier 

operation with capacitive character of reactive power) may 

have opposite influence on voltage balancing, when the grid 

impedance contains both resistance and reactance of a 

comparable value. The same is in the case of positive reactive 

power and negative active power (inverter operation with 

inductive character of reactive power). Fig. 7 presents the 

inverter operation with different targets of power/current. It 

can be seen that the influence of active power on voltage 

asymmetry is compensated for by the influence of reactive 

power, and the grid voltage asymmetry factor afu remains 

almost unchanged. Thus, the only reasonable target in this 

case is to keep sinusoidal balanced current. In such case the 

asymmetry factor almost does not change, but the same rms 

values of currents in each phase cause the smallest total power 

losses in semiconductors and filter inductors. 

When the p and q components have the same sign, it does 

matter which target is chosen. For the inverter operation, the 

negative p and q components of instantaneous power have the 

same influence on grid voltage asymmetry when the 
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impedance is simultaneously of inductive and resistive 

character. As it is shown in Fig. 8, the most desirable target in 

this case is to keep the current with opposite asymmetry to the 

asymmetry of grid voltage. This way, the grid voltage 

asymmetry factor afu is reduced visibly. Higher 

symmetrization of the grid voltage is possible, but it requires 

large power individual source, or many converters operating in 

the same grid with total power comparable with the grid 

power. 

Taking into consideration that the target can be changed 

according to the operation mode, it is proposed to introduce a 

weighting factor a responsible for current balancing when the 

p and q components of instantaneous power have the opposite 

sign. This way, the equations (26)(27) are introduced. 

 (26) 

 (27) 

Although there exist methods of grid impedance 

identification, most grid power converters are connected to 

lines with unidentified impedance. Thus, a compromise is 

selected as a circular hodograph equaling the voltage drop on 

the line impedance, when the p and q components of 

instantaneous power have opposite signs (Fig. 10). 

Then, the asymmetry weighting factor a equals 0. 

Depending on the power angle calculated by (28) 

 (28) 

factor a is chosen depending on the function shown in Fig. 9. 
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Fig. 7. Simulation results showing the influence of different current asymmetry on the grid voltage asymmetry factor afu for the positive p component of power 

(inverter operation) and the negative q component of power (capacitive reactive power). 
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Fig. 8. Simulation results showing the influence of different current asymmetry on the grid voltage asymmetry factor afu for the negative p component of power 

(inverter operation) and the negative q component of power (capacitive reactive power). 
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Fig. 9. Reference current asymmetry factor a as a function of power angle fp
*. 

 

Weighting factor a described by (29) 

 (29) 

according to the Fig. 9 allows to obtain the current asymmetry 

in a wide range (from grid voltage asymmetry level to full 

symmetry), depending on the power angle. A comp view of 

the current vector asymmetry as exemplary hodographs 

depending on the power angle is presented in Fig. 10. 
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Fig. 10. Assignment of the inverter and rectifier modes regions, a) unbalanced 

grid voltage vector exemplary hodograph, and b) visualization of current 

vector hodographs in each region (I quadrant – (a = 1), II quadrant – (–1 < a < 

1; a = 0 for fp
* = 135o), III quadrant – (a = – 1), IV quadrant – (–1 < a < 1; a = 

0 for fp
* = –45o). 

C. Reference targets depending on current limitation level 

Although the constant p (simultaneously constant xv) or 

constant q (simultaneously constant Tv) targets are beneficial 

for the grid in separate cases (inverter/rectifier) respectively, 

the possible power, which can be transferred when phase 

current limitation is kept, is lower than for symmetrical 

current. Thus, the method of current progressive balancing is 

proposed to increase the power transfer in both modes if 

necessary. Current vector instantaneous length limitation can 

be used only in the case of balanced sinusoidal current. In the 

other targets which cause asymmetrical current, the current 

vector length is no longer constant. The circle representing 

maximum vector length cuts the elliptic hodograph when the 

actual current vector length reaches instantaneously the 

maximum value. In this case the hodograph looks like in 

Fig. 11a, and it means that the phase currents will be distorted. 

The second method of current limitation is based on cutting 

the vector length by a hexagon. This corresponds to the 

limitation of the instantaneous value of phase current in each 

phase respectively. Fig. 11b shows the current hodographs for 

the described limitation method, which do not provide 

sinusoidal phase currents at this state, but produce the flat-top 

sine wave exceeding the limited rms at least in one phase. 

(a) (b)



j



j

 
Fig. 11. Hodographs of converter current, a) when the vector length is limited 

by a circle representing the maximum vector length, b) when the 

instantaneous vector length is limited by a hexagon representing maximum 

instantaneous value of the phase currents. 

The maximum elliptic hodograph of unbalanced current 

keeping the grid voltage asymmetry, which can be inscribed 

inside the circle representing maximum symmetrical current, 

is drawn with a bold line in Fig. 12a. Depending on the ellipse 

major axis angle, the phase current may be equal to the 

maximum phase current in at least one phase. When the 

orientation of the major axis does not overlap with one of the 

phase axes, all phase currents are lower than the maximum, 

because the ellipse does not touch the hexagon. The power 

demand may increase the value of the current and the 

hodograph may be changed to a circular form, allowing full 

balancing of current as the final stage. This way the current is 

less useful for the grid, but it increases the power, which may 

be critical especially in the rectifier mode not to cause DC 

voltage drop. 

The phase current true limitation requires a number of 

calculations [15] and a powerful controller when the reference 

current is assigned by determination of the ellipse orientation 

in relation to the phase axes, whereas it has to be noted that 

current limitation is only one of several procedures taken into 

account in the control method. The phase rms current true 

limitation allows to obtain a larger hodograph (Fig. 12b) than 

the one from Fig. 12a, which means higher power when 

current asymmetry is kept at the level of grid voltage 

asymmetry. However, the power is still lower than possible 

maximum power, which can be transferred by symmetrical 

current. Thus, the progressive balancing procedure can be 

applied to the current limitation method. 
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j
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j

(b)  
Fig. 12. Possible hodographs of converter current during progressive 

balancing when a) the elliptic hodograph does not exceed the maximum circle, 

b) the elliptic hodograph does not exceed the hexagon. 

 

The last current limitation way has been implemented to 

obtain the results described in the paper. The algorithm of 

progressive current balancing will be described here. The goal 

in the rectifier mode is not to deepen the grid voltage 

asymmetry for lower power demand and to obtain maximum 

possible power at a given grid voltage asymmetry for higher 

power demand. In the inverter mode the goal is to decrease the 

grid voltage asymmetry for lower produced power and to 

obtain maximum possible power for higher power production. 

The proposed method of current balancing is to calculate the 

weighted average of the reference current i
*, i

* (26)(27) 

based on (16)-(19), whereas the reference current asymmetry 

is based on the factor  depending on the current limitation. 

 (30) 

 (31) 

When at least one of the phase current exceeds the limit, the 

weighting factor  is decreased from 1 to 0. Finally, 

symmetrical current can be obtained as the average value of 

reference current for constant virtual torque Tv and constant p 

targets, respectively. Progressive balancing providing 

asymmetrical to symmetrical current transient for rectifier and 

inverter operation with zeroed average value of the q 

component of power is shown in Fig. 13. 
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Fig. 13. Simulation results presenting targets change from symmetrical current through the corresponding asymmetry of current in the rectifier mode, next 

through the opposite current asymmetry to the symmetrical current in the inverter mode at zeroed average q component of instantaneous power. 

 

D. Control structure of grid converter operating as an 

inverter and a rectifier at unbalanced grid voltage 

The whole proposed control structure is presented in Fig. 14 

– the reference current components calculation for both targets 

of current asymmetry (constant p component recommended 

for inverter operation, and constant q component 

recommended for rectifier operation), the way of calculation 

of resultant current with reduced asymmetry or fully balanced 

depending on the factor  responsible for the current 

limitation, and the factor a related to the operation mode and 

power angle. The way of reference current limitation and 

phase current limitation factor  assignment is based on the 

sinusoidal phase current rms value calculated separately for 

each phase. This part of control firstly tries to balance the 

current by decrease of weighting factor  from 0 to 1, and next 

after full balancing, if the value of reference balanced current 

vector length still exceeds the maximum value, the current 

components are scaled by the factor klimit (32), which equals 

one for the reference current smaller than the limit, and less 
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than one for the reference current exceeding the limit. 

 (32) 

To avoid reaction on the instantaneous value of current 

vector length, the average of current vector length is 

calculated by a low pass filter. The current limitation process 

based on independent comparison of phase current average 

value ixavg
* and phase current maximum average value iavgmax

ref 

can be applied for the four wire topology as well, but the 

remaining part of the control must be extended to consider the 

zero sequence component influence. 

As it is shown in Fig. 14, the current balancing and 

limitation block is placed behind the reference current 

calculation block and does not influence the limitation of the 

reference power signals p*, q* obtained from superior 

controllers. The anti wind-up structures of superior controllers 

of DC voltage and the q component of power can limit the 

reference values of power on the rated levels, whereas rated 

values cannot be reached during unbalanced grid operation, 

because the nominal power cannot be achieved during 

unbalanced grid voltage operation. Moreover, the reference 

signals of power are responsible for their average values, 

while the actual values are of oscillatory character. 

Assignment of the reference values of power (average values) 

for each case of current limitation including intermediary 

states of current imbalance is troublesome, so the current 

limitation block is not coupled with anti-wind up structure of 

superior controllers. 

IV. EXPERIMENTAL RESULTS OF POWER AND VIRTUAL 

TORQUE BASED CONTROL UNDER GRID VOLTAGE IMBALANCE 

A. Experimental Test Rig Parameters 

The parameters of the power converter used in a laboratory 

unit are presented in Table 1. Grid voltage asymmetry in the 

steady state was obtained with a multi-tap transformer. The 

phase voltage amplitudes obtained this way were 122V, 122V 

and 162V. In the transient state, grid voltage imbalance was 

obtained with a short-time parallel connection of small 

resistance connected between two phases. 

 

TABLE I 

PARAMETERS OF THE ACTIVE RECTIFIER USED IN THE 

LABORATORY UNIT 

Symbol PARAMETER Value 

Ugn Nominal phase voltage (L-N rms) 133V 

Ign Rated current amplitude 14A 

L Grid filter inductance 1.2mH 

RL Inductor resistance 40m 

Cdc DC link capacitance 1mF 

Udc Reference DC voltage 350V 

fs Switching frequency 4kHz 
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Fig. 14. The proposed method of control using virtual instantaneous torque and power components with true phase current limitation and current progressive 

balancing 
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B. Progressive balancing caused by current limitation 

Fig. 15 shows the case of progressive balancing 

implemented in the pure rectifier mode with the zero reference 

q component of power. The test is recorded from the point of 

very low current increased proportionally in each phase until 

one of the phase currents reaches the maximum value. Then 

progressive balancing of current is done to increase power 

transferred from the grid to the DC link. The grid voltage 

asymmetry type places the major axis of grid voltage elliptic 

hodograph almost along the c phase axis. Therefore, the 

maximum current vector length equals the amplitude of the 

maximum phase current. This is why only the minor axis of 

the current elliptic hodograph is progressively increased to 

obtain the balanced current and the major axis is not changed 

after reaching the phase current limitation. 
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Fig. 15. Unbalanced grid voltage ug and converter current i, and voltage and 

current hodographs during current progressive balancing in the rectifier mode. 

Fig. 16 presents the case of progressive balancing 

implemented for inverter operation. The starting point of 

registration is a very low current increased proportionally in 

each phase until the phase current reaches the maximum 

value. In this point, the elliptic hodograph exceeds the circular 

hodograph of maximum symmetrical current, but does not 

exceed the hexagon, so the maximum phase current is not 

exceeded. From this point, the minor axis is increased to 

enlarge the transferred power, whereas the major axis is 

slightly decreased not to exceed the hexagon lines. In both 

tests from Fig. 15 and 16, the voltage hodograph is registered 

with 50V/div in each axis, whereas the current vector 

hodograph is normalized, to make the hodographs as readable 

as possible. 

C. Progressive balancing depending on the operation mode 

Fig. 17 presents the progressive target change depending on 

the operation mode described in section 3.2. The test has been 

made in the way that the DC voltage is stabilized from an 

external source, the reference apparent power has been set 

constant, and the power angle fp
* has been changed from – to 

. This way both pure inverter and rectifier operation modes 

have been obtained, as well as intermediary states, in which it 

is difficult to define which target should be realized, so 

symmetrical current is referenced. 
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Fig. 16. Unbalanced grid voltage ug and converter current i, and voltage and 

current hodographs during current progressive balancing in the inverter mode. 
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Fig. 17. Unbalanced grid voltage ug and converter current i, and voltage and 

current hodographs during current progressive balancing depending on the 

operation mode and power angle. 

D. Transient states of power components step change 

Fig. 18 presents transients caused by step loading by idc 

current causing change of the reference converter current for 

the rectifier mode. For this target the reference current is 

calculated on the basis of constant reference virtual torque and 

zero reference reactive power. There are visible oscillations on 

the DC voltage. Fig. 18a presents step loading of the rectifier 

by load power that does not cause current limitation, so 

current asymmetry corresponds to voltage asymmetry. Fig. 

18b presents step unloading to zero, and the initial load power 

causes current limitation, so the current is symmetrical. 

Fig. 19 presents the case of inverter operation starting from 

zero idc source current and transient caused by the idc change. 

Fig. 19a presents the case in which the DC source power does 

not cause current limitation, so current asymmetry is opposite 

to voltage asymmetry. Fig. 19b presents the case in which the 

DC source power causes current limitation, and the current is 

balanced. Higher energy transfer from the DC source causes 

an increase of the DC voltage over reference value due to the 

converter current limitation, and to avoid DC overvoltage, an 
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additional maximum DC voltage controller was implemented 

in the DC source to reduce the DC source power and to obtain 

safe steady-state operation. In practice, this means limitation 

of power produced by a source like PV or a wind turbine 

connected to the DC link, when the converter current 

constraint is obtained. 
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Fig. 18. Unbalanced grid voltage ug, DC voltage udc, converter current i, pq 

power components, and virtual torque components Tv, xv during the rectifier 

mode, a) dynamic loading not causing phase current limitation, b) dynamic 

unloading from the level causing full balancing of current to zero. 
 

Fig. 20 presents the case of the p and q power components 

change (transfer of operating points between neighboring 

quadrants shown in Fig. 10b). In each quadrant the average 

reference p and q power components have equal absolute 

values and the same or opposite signs. Initially, in Fig. 20a, 

the transient from the first to second quadrant and back 

through the change of active power is shown. For the 

inductive q component of power, converter current has 

asymmetry corresponding to the voltage asymmetry for 

rectifier operation and it is symmetrical for inverter operation. 

Fig. 20b presents transients from the second to third quadrant 

and back. For inverter operation the converter current is 

symmetrical for the inductive q component of power and has 

asymmetry opposite to the grid voltage asymmetry for the 

capacitive q component of power. Fig. 20c presents the 

transient from the third to fourth quadrant and back. For the 

capacitive q component of power the converter current has 

asymmetry opposite to voltage asymmetry and it is 

symmetrical for rectifier operation. Fig. 20d presents the 

transient from the fourth to first quadrant and back. For 

rectifier operation the converter current is symmetrical for the 

capacitive q component of power and has asymmetry opposite 

to voltage asymmetry for the inductive q component of power. 

In Fig. 20a and Fig. 20c every step of the p component of 

power (changes from inverter to rectifier operation and 

opposite) causes short time DC voltage dips or swells. In this 

experiment, the DC voltage was controlled by the second 

converter connected with the DC bus, simulating DC load or 

source depending on the sign of the p component of power. 
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Fig. 19. Unbalanced grid voltage ug, DC voltage udc, converter current i, pq 

power components, and virtual torque components Tv, xv during inverter 

mode, a) dynamic change of the DC source power not causing phase current 

limitation, b) dynamic change of the load power causing full balancing of 

current. 
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Fig. 20. Unbalanced grid voltage ug, DC voltage udc, converter current i, pq power components, and virtual torque components Tv, xv during transients steps of 

reference power, a) transfer from first to second quadrant and back, b) transfer from second to third quadrant and back, c) transient from third to fourth quadrant 

and back, d) transient from fourth to third quadrant and back. 
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E. Converter operation under simultaneous grid voltage 

imbalance and harmonics distortions 

The method used for reference current calculation provides 

good filtration of harmonics in the grid voltage and grid 

virtual flux. Therefore, the obtained current, despite 

simultaneous grid voltage asymmetry and harmonics, can still 

be sinusoidal with the desired asymmetry. Inverter operation 

with simultaneous grid voltage harmonics and imbalance is 

shown in Fig. 21. The current does not contain harmonics, 

whereas it is asymmetrical with asymmetry corresponding to 

the voltage asymmetry in the case of rectifier operation (Fig. 

21a), and with asymmetry opposite to the grid voltage 

asymmetry in inverter operation (Fig. 21b). As the pq power 

components and Tvxv instantaneous virtual torque components 

are here calculated with the use of actual non-filtered voltage 

and virtual flux  components, the oscillations of these 

variables are not sinusoidal, but they contain 300Hz 

oscillations caused by dominating 5th and 7th harmonics 

produced by nonlinear load (three-phase six pulse diode 

rectifier) connected in parallel to the lines. 

F. Transient response to the grid voltage asymmetrical dip 

Fig. 22 presents the case of grid voltage asymmetry 

transient caused by a short-time two-phase line-to-line 

significant overload during inverter operation of the grid 

converter. The initial current is symmetrical due to voltage 

balancing, whereas during transient the current asymmetry 

becomes opposite to the voltage asymmetry adequate for the 

inverter operation. The transient of the current waveform is 

quite short i.e. less than two periods of the grid voltage. 

Transients are caused by introduction of filters used for 

determination of fundamental harmonics of grid voltage and 

grid virtual flux. 

The whole control system includes only three nonlinear 

functions that take a number of computational cycles in the 

DSP microcontroller. The first one is a division in eq. (16)(17) 

and (18)(19). Once calculated term: 

 (33) 

can be used in multiplication operation in all these equations 

(16)-(19), that take less cycles than four times used division. 

The second is the equation calculating reference current vector 

length |i*| for limitation when balanced reference current 

exceeds the limit. The third one is a function used for balanced 

current limitation factor klimit calculation (32). These nonlinear 

functions are division (twice) and square root. In the control 

system there are avoided calculation of sin, cos, tg, tg-1, or 

other trigonometric functions, which take a lot of 

computational cycles. In the experiment, as the control unit a 

DSP controller build with TMS320F28335 was used. The 

controller is in the family widely used in industrial 

applications in the field of power electronics and drives. All 

other nonlinear functions are not troublesome in calculations 

(e.g. saturation blocks are computed using comparators). All 

filters are the natural structures for DSP controllers, which are 

calculated fast in a few computational cycles. This is why the 

control can easily be applied in industrial version of grid 

converter. 
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Fig. 21. Unbalanced and harmonics distorted grid voltage ug, DC voltage udc, 

converter current i, pq power components, and virtual torque components Tv, 

xv during a) the rectifier mode, and b) the inverter mode, at zeroed reference q 

component of instantaneous power. 
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Fig. 22. Grid voltage ug, DC voltage udc, converter current i, pq power 

components, and virtual torque components Tv, xv during the inverter mode at 

grid voltage imbalance transients. 
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V. CONCLUSION 

The paper presents the concept and exemplary control of 

grid converter current progressive balancing during different 

targets such as constant p, constant q or symmetrical current. 

The innovative part is to use variables which can be easily 

calculated and some of which are constant in separate targets 

of asymmetrical current respectively. The reference current 

calculated on the basis of two opposite targets (constant p, and 

constant Tv), is a weighted value of currents calculated for 

these two targets, and the weights depend on both – the 

operation mode and phase current constraints. The method of 

phase current limitation is based on phase current signals and 

may be applied to four-wire systems as well. The proposed 

control method is adequate for both rectifier and inverter 

modes and for reactive power referenced in a wide range. It 

also covers the whole range of power angle from – to . The 

function of asymmetry weighting factor a (Fig. 9) can be 

modified in different manners to obtain e.g. higher current 

asymmetry than asymmetry of grid voltage. However, it 

requires further study about the influence of the current 

asymmetry on the grid voltage for different grid impedance 

character. Possibly, even combination of this function with the 

algorithm of grid impedance estimation may be applied. 

However, it will not change the core of proposed the control 

method. 

APPENDIX 

List of symbols 

uca, ucb, ucc – converter phase voltage 

ia, ib,ic – converter phase current 

uga, ugb, ugc – grid phase voltage 

ug_n, ug_n – natural grid voltage vector components in 

stationary coordinates without filtration 

ug, ug – fundamental (50Hz) grid voltage vector components 

in stationary coordinates obtained by filtration 

g, gβ – fundamental (50Hz) grid virtual flux vector 

components in stationary coordinates 

i, i – current vector components in stationary coordinates 

ug
d, ug

d – grid voltage vector components in stationary 

coordinates delayed by /2 

udc – DC bus voltage 

idc – DC source/load current 

pq – instantaneous power components by Akagi 

Tv, xv – instantaneous virtual torque components 

q - q component of power calculated by dot product of grid 

voltage vector delayed by /2 and converter current vector 

i1
*, i1

* – reference current vector components for constant 

virtual torque Tv (rectifier operation) 

i2
*, i2

* – reference current vector components for constant p 

component of power (inverter operation) 

i_pq
, i_pq

-reference current vector components 

calculated with the use of q

afu – grid voltage asymmetry factor 

a – reference current asymmetry factor depending on the 

operation mode (in the range from -1 to 1) 

 – symmetrization factor depending on the current limitation 

(in the range from 0 to 1) 

s – synchronous pulsation of the grid voltage 

|i| – current vector instantaneous length 

iref
max – reference limitation of the phase current amplitude 

irefavg
max – reference limitation of the phase current average 

value 

ialimit
*, iblimit

*, iclimit
* – reference limited instantaneous phase 

current 

iaavg
*, ibavg

*, icavg
* – reference limited average phase current 
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