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Abstract:The photovoltaic power generation and active filter (PV-AF) system can realize photovoltaic grid-connected

power regulation, and meanwhile it can also improve the power quality of power grid effectively. The four-leg grid-

connected inverter has successfully been used in the three-phase four-wire system. In this paper, a three-dimensional

space vector pulse width modulation (3D-SVPWM) method based on the ghγ coordinate system for a four-leg inverter has

been proposed. As the switching vectors of the four-leg inverter are in the three-dimensional space, it is difficult to realize

the complex modulation process. In order to simplify the modulation process, the reference vector is placed into ghγ

coordinates in the proposed modulation strategy, and then the vectors are selected and the duration times are acquired

directly by a group of intermediate variables, which could be obtained by linear transformation of the coordinates. As

the intermediate variables are used, the modulation can be easily implemented by the proposed modulation strategy

without excessive mathematical calculations. The simulation and experimental results all confirmed the validity and

effectiveness of this strategy.
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1. Introduction

Photovoltaic (PV) power generation systems, connected to the public grid through an inverter with suitable

capacity, can relieve the energy crisis and reduce environmental pollution effectively [1]. In recent years, with

the popularity of power electronics technologies, the problems of harmonics and three-phase unbalance in the

three-phase four-wire system are becoming increasingly serious [2], which can be solved by the active filter (AF)

[3–6]. The photovoltaic inverter is similar to the AFs in hardware structure and control method. PV power

generation and AF (PV-AF) systems, unifying the two aspects, can solve the problem of low utilization ratio

because of the change of the weather in the PV grid-connected inverter and improve the power quality of power

grid effectively [7,8].

For the two-level inverter, the space vector pulse width modulation (SVPWM) strategy is generally

adopted. Compared with other control methods, it excels in lower harmonic distortion of output voltage, easier

digital implementation, higher utilization of DC voltage, etc. [9]. In the four-leg converter, as the sum of the

three-phase voltage is not equal to zero, a 3D-SVPWM must be adopted. Currently, the conventional 3D-

SVPWM algorithm is mainly based on the abc coordinate system [10,11] or αβγ coordinate system [12,13].

To realize the modulation function, both of these two types of algorithms are required to involve a lot of logic
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and arithmetic operations to determine the switching vectors adjacent to the reference vector and their duty

cycles, which makes the 3D-SVPWM algorithm complex and difficult to apply.

In [14], a classification algorithm is used in the 3D-SVPWM algorithm to obtain intermediate variables,

which are then used to determine the prism in which the reference vector is located as well as to calculate the

duty cycles of the switching vectors. Although this method is much simpler than traditional ones [9–12], in order

to determine the tetrahedron, another set of intermediate variables is required to be calculated. In addition,

to calculate the duty cycles, linear transformation should be conducted for the intermediate variables obtained

by the classification algorithm, which increases the computation load. In [15,16], the voltage vectors were

placed into the gh coordinate system to complete the three-level SVPWM algorithm, and all the coordinates of

switching vectors were integers. This paper proposes a new 3D-SVPWM strategy of a four-leg inverter based

on the ghγ coordinate system based on the ideas of [14–16]. Different from the modulation algorithm in [14],

the method proposed in this paper is to place the voltage vectors in the ghγ coordinate system and obtain

the intermediate variables by the liner calculation of the reference vector in the ghγ coordinate system. The

switching vectors adjacent to the reference vector are then determined based on the positive and negative values

of intermediate variables, coupled with the duty cycles of the switching vectors. The effectiveness and feasibility

of the algorithm will be proved by the simulation and experiments.

2. The distribution of four-leg inverter vectors in the ghγ coordinate system

The control block diagram of the PV-AF system is shown in Figure 1. The whole system is composed of a PV

array, four-leg converter, four-wire load, and utility grid. The topology of the four-leg inverter is as shown in

Figure 2, where a, b, c, and f are the 4 legs; va , vb ,vc , and vf respectively represent the output voltage of the

4 legs; and Vdc is the DC voltage.

Figure 1. Control block diagram of the PV-AF system.

The switching vectors can be described by the ordered set [Sa , Sb , Sc , Sf ,], where Sa = p denotes that

the upper switch in phase a is closed, and Sa = n denotes that the bottom switch in phase a is closed. The

same notation applies to phases b, c, and f.
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As the projection of the switching vectors of the four-leg inverter is regular hexagon, it is feasible to

create a 60◦ coordinate system in the plane. We set the 60◦ coordinate system as the gh coordinate system,

take axis g to coincide with axis α in the αβ coordinate system, carry out a counter-clockwise 60◦ rotation for

the h axis, and take the γ axis as perpendicular to plane gh at the origin of the gh coordinates. Therefore, the

ghγ coordinate system can be created.

In the two-level, three-phase, four-leg inverter, the 16 switching states form a hexagonal prism in the ghγ

coordinate system that consists of 6 prisms, and each prism contains 8 switching vectors. The distribution of

these vectors is as shown in Figure 3.

Figure 2. Four-leg inverter topology. Figure 3. Switching vectors of a four-leg inverter.

The reference vector V ref is marked as (vaf , vbf , vcf ) in the abc coordinates, and it is transformed as

(vg , vh , vγ) in the ghγ coordinates. The relationship between these 2 coordinate systems is shown in Eq. (1),

and the results of the transformation are shown in Table 1.
vg

vh

vγ

 =
2

3


1 −1 0

0 1 −1

1/2 1/2 1/2




vaf

vbf

vcf

 (1)

3. 3D-SVPWM algorithm based on ghγ coordinate system

Intermediate variables x ,y ,z ,s ,q , andw can be obtained through vg , vh , and vγ , and the linear transformation

process is shown in Eq. (2). Intermediate variables can be utilized to determine the prism and the tetrahedron

where the reference vector is located and calculate the duty cycles of the switching vectors.



x(vg,vh,vγ) = 3vh

y(vg,vh,vγ) = 2vg+vh+2vγ

z(vg,vh,vγ) = vg−vh−2vγ

s(vg,vh,vγ) = vg+2vh−2vγ

q(vg,vh,vγ) = 3vg

w(vg,vh,vγ) = 3(vg+vh)

(2)
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Table 1. Switching combinations and converter voltages in ghγ coordinates.

abcf vaf/Vdc vbf/Vdc vcf/Vdc vg/
1
3Vdc vh/

1
3Vdc vγ/

1
3Vdc

V1 nnnn 0 0 0 0 0 0
V2 nnpn 0 0 1 0 2 1
V3 npnn 0 1 0 –2 2 1
V4 nppn 0 1 1 –2 0 2
V5 pnnn 1 0 0 2 0 1
V6 pnpn 1 0 1 2 –2 2
V7 ppnn 1 1 0 0 2 2
V8 pppn 1 1 1 0 0 3
V9 nnnp –1 –1 –1 0 0 –3
V10 nnpp –1 –1 0 0 –2 –2
V11 npnp –1 0 –1 –2 2 –2
V12 nppp –1 0 0 –2 0 –1
V13 pnnp 0 –1 –1 2 0 –2
V14 pnpp 0 –1 0 2 –2 –1
V15 ppnp 0 0 –1 0 2 –1
V16 pppp 0 0 0 0 0 0

3.1. Determination of the prism

As can be seen from Figure 3, it is necessary to narrow the scope to a specific prism in order to determine

the position of the reference vector in the hexagonal prism. The hexagonal prism is mapped onto plane gh, as

shown in Figure 4, where V ref .gh is the projection of the reference vector V ref onto plane gh.

Figure 4. Projection of switching vectors in gh plane.

In Figure 4, the hexagon that is the projection of the switching vectors onto plane gh is divided into 6

triangles. Thus, the prism in which the reference vector is located can be determined through the vg component

and vh component of the reference vector. The determination method is shown in Figure 5.

Figure 5. Determination method of the prism.
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To simplify the determination process, when q ≥ 0, let be A = 1, or otherwise A = 0; when x ≥ 0, let

be B = 0, or otherwise B = 0; when w < 0, let be C = 1, or otherwise C = 0. Also let S = A+ 2×B + 4×C

be the relationship between S and the prism in which the reference vector lies, as shown in Table 2.

Table 2. Relationship between S and prisms.

Prism I II III IV V VI
S 3 2 6 4 5 1

4. Determination of the tetrahedron

After the determination of the prism in which the reference vector is located, it needs to be redivided due to

the fact that each of the prisms contains 6 nonzero vectors and 2 zero vectors. The prism can be divided into

4 tetrahedrons and each tetrahedron consists of 3 nonzero vectors and 2 zero vectors. Only by determining the

tetrahedron in which the reference vector is located can switching vectors be chosen to synthesize the reference

vector.

Taking Prism I as an example, the distribution of its switching vectors is shown in Figure 6. It can be

seen that the prism is divided into 4 tetrahedrons by boundary planes A, B, C, D, and E, and each tetrahedron

is composed of 3 boundary planes. The boundary planes can be used to identify the tetrahedron in which the

reference vector lies, and thus the adjacent switching vectors are obtained.

Figure 6. Prism I and four tetrahedrons in Prism I.

The equations of planes A, B, C, D, and E can be obtained based on the coordinates of the switching

vectors, as shown in Eq. (3). By substituting the coordinates of the reference vector into Eq. (2), we can see

that: 1) when the reference vector is in the range of T1, x > 0, y > 0, and z > 0; 2) when it is in the range of

T2, z < 0,s > 0, and q > 0; 3) when it is in the range of T13, x > 0, y < 0, and q > 0; 4) when it is in the

range of T14, x > 0, s < 0, and q > 0. 

A :vh= 0

B : 2vg+vh+2vγ= 0

C :vg−vh−2vγ= 0

D :vg+2vh−2vγ= 0

E :vg= 0

(3)

Similarly, the tetrahedron in which the reference vector is located can be determined when it is within other

prisms, and the determining process is shown in Figure 7.
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Figure 7. Determination method of the reference vector location.

4.1. Calculation of the duration time of the adjacent switching vectors

Taking the reference vector V ref in Tetrahedron T1 as an example, the available switching vectors are V d1 =

pnnn, V d2 = pnnp, V d3 = ppnp, and V d0 = [pppp, nnnn]. Assuming the duration times aret1 , t2 , t3 , and

t0 , respectively, the DC voltage is Vdc , and the SVPWM specified switching cycle is Ts . According to the

volt-second balance principle, the corresponding duration times of the switching vectors are given by:

VrefTs = Vd1t1 +Vd2t2 +Vd3t3 +Vd0t0, (4)


t1

t2

t3

 =
Ts

2Vdc


2 1 2

1 −1 −2

0 0 3




vg

vh

vγ

 , (5)

t0 = Ts − t1 − t2 − t3 . (6)

Combining Eqs. (2) and (5), it can be seen that
t1 = y

2Vdc
Ts

t2 = z
2Vdc

Ts

t3 = x
2Vdc

Ts

. (7)

The duration times can be expressed by the intermediate variables in Eq. (7). Similarly, the duty cycles of the

adjacent switching vectors can be obtained when the reference vector is located in other tetrahedrons. Table

3 lists the corresponding duration times of the switching vectors when the reference vector is located in the

tetrahedron of the Prism I, where a= Ts/2Vdc . It can be seen that duration times could be represented by the

intermediate variables, so it is unnecessary to calculate the duration times.

Table 3. Switching durations of adjacent switching vectors in Prism I.

Tetrahedron V 1 V 2 V 3 t1/a t2/a t3/a
T1 pnnn pnnp ppnp y z x
T2 pnnn ppnn ppnp q −z s
T13 nnnp pnnp ppnp −y q x
T14 pnnn ppnn pppn q x −s
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4.2. Switching sequence

Since the duration times of the space vectors are already determined, the switching sequence should be defined

in the next moment. The switching sequence will influence the harmonic content of converter output and

switching loss [12,13].

In order to minimize the harmonics produced by the converter, in this work, the sequence uses both zero

vectors, as shown in Figure 8. Figure 8 shows the sequence for Tetrahedron T1 and there will be a similar

sequence if the reference vector is located in other tetrahedrons.

Vd1Vd0 Vd1Vd2 Vd2Vd3 Vd3Vd0

t1/2 t1/2t0/2t0/4 t0/4t2/2 t2/2t3/2 t3/2

Ts

1

0

1

0

1

0

1

0

Figure 8. Switching sequence for Tetrahedron T1 space vectors.

In the modulation algorithm based on the abc coordinates or αβγ coordinates, in order to judge the

place where the reference vector is located and calculate the duration times of the switching vectors, many

variables need to be involved. Compared with the two kinds of classification algorithm, the proposed modulation

algorithm is implemented among 6 intermediate variables without calculating other variables, which can reduce

the calculation load. Furthermore, as the voltage vectors are in the ghγ coordinate system, there is no need to

calculate the square root in the process of obtaining the intermediate variables, which can improve the accuracy

of the operation and reduce the complexity of the arithmetic operation. As a result, the microprocessors are

able to allow more time to calculate other modules of PV-AF.

5. Simulation and experimental results

The new 3D-SVPWM algorithm is simulated in MATLAB/Simulink software. The main circuit is the two-level,

four-leg inverter and the parameters of the simulation are shown in Table 4.

Table 4. Parameters of the inverter simulation.

Load R= 7 Ω, L= 5 mH
DC voltage: Vdc 57 V
Line frequency 50 Hz
Amplitude of the AC voltage 20 V
Carrier frequency of the system 5 kHz

The reference voltages are set as
urefa = 20 sin (ωt)

urefb = 20 sin (ωt− 120◦)

urefc = 20 sin (ωt+ 120◦)

. (8)
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The simulation results under the reference voltage are as shown in Figure 9. Figure 9a shows the modulation

wave of the a-phase; after the filtering of the low-pass filter with the cutoff frequency of 400 Hz, the output

voltage waveform of the inverter is as shown in Figure 9b; Figure 9c shows the a-phase current waveform; and

by conducting fast Fourier transform (FFT) analysis of the a-phase voltage and a-phase current, it can be seen

that the total harmonic distortion (THD) rate of the a-phase voltage is 0.89%, the peak of the a-phase current

is 2.79 A, and the THD rate is 2.37%, for which the a-phase current spectrum is as shown in Figure 9d.
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Figure 9. Main waveforms with symmetrical reference voltage without distortion: a) modulation wave of a-phase,

b) three-phase voltage, c) a-phase current, d) a-phase current spectrum.

Figure 9 shows that when the reference voltage is symmetric, the three-phase voltage output of the

inverter when using the new 3D-SVPWM algorithm matches the reference voltage, and low THD of the voltage

and current is achieved.

The reference voltage are set as


urefa = 20 sin (ωt) + 4 sin (5ωt)

urefb = 20 sin (ωt− 120◦)

urefc = 20 sin (ωt+ 120◦)

. (9)

Under this reference voltage, the output waveform of the three-phase voltage of the inverter is as shown in Figure

10a, and the waveform of the a-phase output current is as shown in Figure 10b. Conducting FFT analysis of

the three-phase voltage and a-phase currents, respectively, the results indicate that the THD rates of the a, b,

and c phase voltages are respectively 19.72%, 0.88%, and 0.88%, and the THD rate of the a-phase current is

10.66%; the spectrums of the a-phase voltage and a-phase current are as shown in Figures 10c and 10d. Figure

10e shows the modulation wave of the a-phase.
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Figure 10. Main waveforms with phase-a reference voltage including the fifth harmonic: a) three-phase voltage,

b) a-phase current, c) a-phase voltage spectrum, d) a-phase current spectrum, e) modulation wave of a-phase.

Figure 10 shows that when the reference voltage contains harmonic content, the output voltage modulated

by the new 3D-SVPWM algorithm can track the reference voltage.

The above simulation waveforms verify the correctness of the new 3D-SVPWM algorithm. Whether or

not distortion of the three-phase reference voltage exists, the output voltage of the inverter matches the reference

voltage.

For the PV-AF system, the simulation parameters are shown in Table 5. Suppose that the output voltage

of the PV array is invariable and the load of the system is the three-phase uncontrolled rectifier parallel three-

phase resistance. The instantaneous reference current for compensation is detected by the method based on the

instantaneous reactive power theory, and the proposed 3D-SVPWM method is used to modulate the four-leg

inverter. The supply current and the supply voltage of the a-phase are shown in Figure 11a. The a-phase

current reference and the a-phase output current waveform of the PV-AF system are shown in Figures 11b and

11c, respectively. It can be seen that the output current could match the reference signal, which proves that

the proposed 3D-SVPWM method is validated and easy to implement.
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Table 5. Parameters of PV-AF simulation model.

Parameters Value
Output voltage of the PV array, V 650
AC voltage, V 110
DC voltage, V 420
Inlet inductance of the PV-AF system, mH 3
Equivalent resistance of the inlet inductance, Ω 0.1
Load of the three-phase uncontrolled rectifier, Ω 75
Three-phase resistance, Ω 50
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Figure 11. Main waveforms in the PV-AF system: a) supply current and voltage waveform of a-phase, b) instruction

signal of a-phase current, c) a-phase output current waveform of the PV-AF system.

When the reference voltage is as in Eq. (8), the waveform of a-phase modulation output by the D/A is

as shown in Figure 12a, which is saddle wave and is consistent with Figure 9a; Figures 12b and 12c respectively

show the three-phase current waveform and the spectrum of the a-phase current. These figures indicate that the

peak of three-phase current is 2.8 A, and the spectral analysis of the a-phase current shows that the THD rate

is 1.8%. The a-phase current waveform contains a small number of odd harmonics, which are mainly caused by

the dead-time effect of PWM.

If the reference voltage is unbalanced, as shown in Eq. (9), the experimental results are as shown in Figure

13a, which is consistent with Figure 10. The a-phase current waveform with 1.979A RMS and the spectrum of

the a-phase current with 10.6% THD are shown in Figures 13b and 13c, respectively. These experimental results

further show the correctness of the proposed 3D-SVPWM algorithm and the feasibility in practical applications.
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Figure 12. Main experimental waveforms with symmetrical reference voltage without distortion: a) modulation wave

of a-phase, b) three-phase current, c) a-phase current spectrum.
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c

Figure 13. Main experimental waveforms with phase-a reference voltage including the fifth harmonic: a) modulation

wave of a-phase, b) a-phase current, c) a-phase current spectrum.
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6. Conclusion

This paper, with the four-leg inverter as the object of study, has proposed a new three-dimensional vector

modulation strategy based on the ghγ coordinate system targeting the problems of large computations and

complex processes of the conventional modulation algorithm in abc coordinates and αβγ coordinates, which

is shown as follows: 1) the prism where the reference vector is located is determined by the relationship

between the projection of the reference vector on plane gh and the g and h axes; 2) a detailed analysis of the

relationship between the reference vector and the five boundary planes within each prism in ghγ coordinates

is carried out, which is used as a basis for determining the tetrahedron where the reference vector lies; 3)

comparing the duration time of the switching vectors with the intermediate variables, the duty cycles can be

represented by the intermediate variables. The determination process of the switching vectors is simplified in

the proposed algorithm, and it is not necessary to calculate the switching durations. Thus, the computational

work of the modulation algorithm is reduced greatly compared with the classification algorithm. Simulation

and experimental results both verify the correctness and effectiveness of the algorithm.
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