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Abstract: Due to the high permeability characteristics of power electronic devices connected to the
distribution grid, the potential harmonic coupling problem cannot be ignored. The Vienna rectifier is
widely utilized in electric vehicle charging stations and uninterruptible power supply (UPS) systems
due to its high power factor, adaptable control strategies, and low voltage stress on power switches.
In this paper, the three-level Vienna rectifier is studied, and the harmonic state-space (HSS) method
is used to model the rectifier. The proposed model can reflect the harmonic transfer characteristics
between the AC current and the DC output voltage at various frequencies. Finally, the model’s
accuracy and the corresponding harmonic characteristics analysis are further verified by simulation
and experimental test results. The results show that the harmonic state-space modeling used for
Vienna rectifiers can reflect the harmonic dynamics of the AC and DC sides, which can be used in
stability analysis, control parameter design, and other related fields.

Keywords: harmonic state-space modeling; Vienna rectifier; harmonic transfer coefficient matrix;
harmonic characteristics; harmonic coupling

1. Introduction

With the development of distributed power generation, charging stations, and micro-
grids, a large number of electronic power devices have become connected to the distribution
grid. The interaction characteristics between power electronic devices and transmission
lines may lead to accidents such as oscillations, harmonic amplification, and harmonic reso-
nance [1-4], accompanied by harmonic interaction phenomena [5,6], resulting in serious
degradation of the power quality on the distribution grid side.

Vienna rectifiers have found extensive applications in electric vehicle charging stations,
aviation power supplies, and wind energy conversion systems [7,8]. This is attributed to its
advantages, including a low number of switches, high power factor, adaptability of control
strategies, and low voltage stress on power switches. Therefore, it is necessary to conduct
the harmonic characterization analysis of Vienna rectifiers.

The analysis of harmonic characteristics can be carried out through harmonic source
modeling, which includes methods such as the small-signal averaging method [9], describing
function method [10], dynamic phase modeling [11], HSS modeling [12], and others. The
principles of both the small-signal averaging technique and the describing function method
largely rely on the idea of converting discrete, fluctuating systems into linear time-invariant
(LTI) systems. These two methods are widely employed in converter modeling.

However, the LTI model obtained through the averaging method and the describing
function method are characterized by single-input single-output (SISO), which ignores
the information from multiple frequency bands. The dynamic phasor method is derived
from the time-dependent Fourier coefficients [13,14], but it fails to accurately depict the
phase change process of the converter. Furthermore, the frequency band analysis derived
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from this method may not meet the requirements for analyzing high-frequency harmonic
coupling characteristics. New modeling methods incorporating periodic signals have been
proposed [15-17]. In addition, a method for harmonic linearization is introduced to com-
pute the system’s input and output impedances, leveraging sequence components [18,19].
Furthermore, a small-signal model that takes into account circulating currents is suggested
for the steady-state analysis of modular multilevel converters (MMC) [20]. Nonetheless,
the study of harmonic interactions within these systems remains unexplored.

The HSS method can analyze the frequency coupling and dynamic harmonic inter-
actions in the converter-containing system [21]. HSS modeling of large DC systems has
been proposed to reduce computational time and describe the mutual coupling between
different frequency components [22]. The harmonic interactions of two-level converters
in single-phase or three-phase systems have been analyzed [23-26]. In these studies, the
switching function is equated with modulation coefficients that may influence the outcomes
of the analyses.

The above analysis indicates that existing modeling of large-scale power electronic
equipment using the HSS method is primarily focused on two-level converters [27], with a
notable absence of modeling for three-level Vienna rectifiers and analysis of their harmonic
characteristics. To address this gap, this paper presents a precise and accurate model of the
three-level Vienna rectifier using the HSS modeling method. First, the HSS model of the
Vienna rectifier is established based on the linear time period (LTP) theory. Secondly, the
effects of AC-side voltage perturbations on DC-side voltage and the AC-side current are
analyzed. The coupling relationship is further examined based on the harmonic transfer
coefficient matrix derived. Finally, based on the constructed simulation and experimental
platform of the Vienna rectifier, the accuracy of the established model and the results of
harmonic characterization analysis are verified.

2. HSS Modeling of Vienna Rectifiers
2.1. HSS Modeling of Power Circuit
The system block diagram of the Vienna rectifier is shown in Figure 1. Initially, the

topology part is considered, where the AC side is connected to a rectifier inductor (L + R),
while the DC-link capacitors (C,&Cj) are linked to the DC-side circuit.
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Figure 1. Block diagram of the Vienna rectifier system.
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The small-signal notation “*” is used in the differential equation to establish a small-
signal-based HSS model, following the circuit relations described in Figure 1. The small-
signal state-space equations of the Vienna rectifier are given in Equation (1), where 1 is the
AC side voltage and iy is the AC side current (k = a,b,c); uy, is the voltage at the switching
bridge diode clamp point with respect to the AC supply neutral point O; Iy denotes the
three-phase current steady-state value; and R, is the load resistor of the output side:

ng - _R;Q/L ‘I’ (ﬁg - ﬁao)/L

sty = —Riy /L + (i, — 1i,) /L

Sfc = _R{C/L + (ﬁc - ﬁco)/L (1)
stfige = 1/C — 2014,/ (CR,)

i = Saiy + Splp + Scic + 1,Ss + IS, + 1.5,

We define the switching function as follows:

1 S;isopen, i>0
0 S; is closed 2)
-1 S;isopen, i<0

S =

Using logic switches S;y, Siy, Sii; (i = a, b, c) to represent the three positions of the equivalent
switches of each phase (S;, is the switching signal of the switching tube), Equations (3)—(5) can
be obtained from the state averaging method and the circuit relationship:

S5i = Sip = Sin
3
{Sip+sio+sin—1 ®)

upn = SppUc1 — Spnlcz 4)

{ UgN = Sapucl = Sanlcn
UeN = Scpucl = Scnle2

|

UNo = 3 (Sap + Shp + Scp)ucl — (San + Spn + Sen)Ue2] 5)

where uyy is the voltage from the AC input of the rectifier to the neutral point N on the
output side; uno is is the voltage from the neutral of the output side to the neutral of the
AC power supply; and U and Uy, indicate the steady-state values of the upper and lower
bus capacitor voltages on the DC side, respectively.

According to ucp = tiey = 0.5 1y, the small signal of ug,, 1y, and ¢, in Equation (1) can
be given as in Equation (6):

g = %ﬁdc (2540 — Spo — Sco] + %Mdco [25:41 - éb - éc]
g = §1ac (2550 — Sa0 — Sco] + glhaco [255 — Sa — 5c] ©
flco = ¢0c[25c0 — Sao — Seo] + §4dco [25¢ — Sa — Sp]

where Sj is the steady-state values of defined switching functions (i = a, b, ¢) and u4 is

the steady-state value of output voltage.
According to the LTP theory, converting the state-space equations to the frequency
domain yields the equations shown in Equation (7) [28]:

{ X(w,t) = A(w) @ X(w, ) + B(w) @ U(w, t) -
Y(w,t) = C(w) ® X(w,t) + D(w) @ U(w, t)

where X(w,t), Y(w,t), and U(w,t) represent state variables, output variables, and input
variables, respectively, while ® denotes the convolution operation.
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All time-domain signals x(t) can be expressed as in Equation (8), where x; represents
the Fourier coefficient, wy is the angular frequency, and k denotes the harmonic order:

h
x(t) = Y xelheot (8)
k=—h

This can be written as a matrix expression, as shown in Equation (9):

x(t) =T(HX )

where
(t) = [e /Mot .. emjwot 1 eicnt ... ,ejhwot] (10)
X = [th/ et /X71/ XO/ Xll e /Xh]T (11)

The state-space equations in the time domain can be converted to the frequency-
domain form as in Equation (12):

X(t) = (A—N)X+BU

Y(t) = CX+ DU (12)

where A, B, C, and D are Toeplitz matrices composed of the complex Fourier coefficients of A(t),
B(t), C(t), D(t), and X, Y, U are column matrices obtained by arranging from —h to h times.
Thus, Equation (1) can be converted to the HSS equation shown in Equation (13):

Xr = (Ar — Ny)Xr + BrUr (13)
where .
XT = [Ia/ Ib/ IC/ Udc] (14)
N ~ A oA oA aAqT
uT = [uﬂl ub/ uC/ sﬂ/ Sh/ SC] (].5)
_ %1 Zn  Zm  — 2L [Sgo)] *ré[SLho] —T[Sco]
A Zn - %I Zn - 21"[5170]—1"[%0] —T[Sc0] 6
=\ 2z  _Ep _2r[sco]frZsLuo]fr[sbo] (16)
I[Sew] I[Sp] T[Sco] _2
C C C CR,
L Zw Zn - r[Uzco] F[Uzco] F[Uzco]
z L z TUgpo]  _TUgo]  I[Uge)
Br = m L m 6L 3L 6L (17)
7z 7 I TUj0) TUzo]  _ Uy
m m L
Zw Zm Zm - 20] F[cho] r[lcco]

The capital letters in Equations (13)—-(17) are the harmonic coefficient components
ranging from [...—h...—1,0,1.. .h...] derived from the Fourier series. Furthermore, I de-
notes the identity matrix, with Z,, being a zero matrix of the same size as the considered
harmonics and N representing a diagonal matrix. I'[(®] denotes the Toeplitz matrix of
the corresponding element. To obtain the Toeplitz matrix of the switching function, it is
necessary to perform a Fourier series expansion:

Si = Sip — Sin = sgn(ix) (1 — S;,) (18)
where sgn(ix) is the sign function of the input current, given as follows:

1 >0

-1 <0

i |
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Since the sign function of the input current is a periodic rectangular wave, it can be
converted into the form of a triangular series summation, as shown in Figure 2, where gy is the
DC components, and a,, and b, are the coefficients of the sine and cosine terms, respectively.

sgn(i,)|
] B 0
sgn(i,)=a, + Z[a” cos(nat) +b, sin(na)t)]
n=1
v _TT’ > a, = %ﬂ'g sgn(i,) cos(nwt)dt
2 T .
gl " b, = ?L. sgn(i, )sin(nowt )dt

Figure 2. Periodic rectangular wave Fourier expansion.

For the switching signal of the switching tube, take phase A as an example. In order to
match the switching signal, it is necessary to use the Bessel function. The fitted waveforms
obtained by the above method are shown in Figure 3.
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Figure 3. Switch-signal fitting and theoretical comparison.

From the convolution theorem, it is possible to simplify the product of the Fourier
expansions of the two functions to the following equation:

hy = Z 2 CndmOk,n+m (20)

N=—00 M=——00

where ¢;;, d;;, and Iy, are the individual Fourier coefficients of the functions f(x), g(x), and
h(x), respectively. h(x) = f(x)g(x), and Jy ,+ is the Kronecker function.

When h = 255, the S,(t) function fitting, as well as the comparison plot of the actual
switching signal, is shown in Figure 4, where the carrier ratio is 15 and the modulation
regime is 0.8.
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Figure 4. Switch function Sa fitting and theoretical comparison graph.

0.02

When the system is in a steady state, the s variable will converge to 0, sX = 0. At this time,
the harmonic transfer function matrix in a steady state can be obtained as in Equation (21):

2.2. Controller Modeling

Hr = —(Ar —Ny) 'Br

(1)

The main control system consists of a voltage outer loop, a current inner loop, a phase-
locked loop, and additional components. According to the structure shown in Figure 5, the
controller’s modeling involves transforming the time-domain differential equation into a
frequency-domain differential equation, as shown in Equation (22):

;ftl = —lg;

X o 2 N k- 2 A A IS
ddf =15 —1g = —lgc(ky + 2) —ig = —lgcky + kot — 1y
R4q = —katy + kaig — Kafp + g + fgwl

3?4q = kgfq — k4XA3 + ﬁq — ida)L

where x; to x3 denote the state variables; ki = kyp, ko = ky;, k3 = k,

ip/

DC-side voltage; and ig and iq indicate the dg-axis current.

X

Ude -
kvp+kvi/ )

+

kiptkii/s

Ulcref

kiptkii/s

Figure 5. Control circuit system diagram.

kg = ki, uge indicate

Additionally, the Park’s transformation in the frequency domain can be represented as

given in Equation (23):

_ 2[T[cosf] Tcos(6— 2*)] I [cos 6+ 3 ]
Toork = 3| “Ifsin6] —T[sin(6— 2)] —T[sin(6+ )] 23)
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where
I'[cos@] =T]---,05,0,0.5,- -]
I'[sin@] =T[---,0.5j,0, —0. 5j, -
Cfeos(0 ~ 3m)] =T[-++,—} 47,0, -1 = 2,
Clsin(0 —3m)] =T, = —j§,0,—F +jj,
Tleos(0+3m)] =T |-, =1 —j 2,0, -3 +/%, -
I[sin(0+3m)] =T|-- % ]%OL—F]%

For the signals x47 and x4, to the abc coordinate system, the Park inverse transform
must be applied. This transformation allows for the derivation of the harmonic state-space

equations of the control circuit, as given in Equations (24)—(27):

X. = A X, + B:U,
Y. = C:X.+ DU,
where .
X = [X1 X X5
Ak A a a A A A A T
U = [udc e, Lo, Ty, e, U, W, U
= [8.8,5]"
-N Z, Z,
A= |Ku;I -N Z,
Zy Zn -—
I —1I Zy Zy Zy Zy Zn Zpy
B. = |Kypl —Kypl T[-3cos6] T[-3cos(0—2r/3)] T[-3cos(0+27/3)] Zw Zwm Zm
Zy  Zy  T[3sin60] T[}sin(@—27/3)] T[3sin(0+27/3)] Zw Zw Zn
—KyiK;pI [cos 0] —K;;I'[cos 0] K;;T'[sin 0]
Cc = | —KyiKipT[cos(0 —27t/3)] —K;T[cos(0 —27t/3)] K;T[sin(6 —27t/3)]
—KyiK;pT[cos(0 +27t/3)]  —K;T[cos(0 +27/3)]  KiT[sin(0 + 27t/3)]
—KUpKipl"[cos 9] KvpKl-pl“[cos 9] Dl,3 D1,4 D1,5 Dl,6 D1,7 D1,8
DC = —KvpKipr[COS(G —27'[/3)} KvpKl'pr[COS(Q —27‘(/3)] Dz,g D2,4 D2/5 D2,6 D2,7 Dz/g
—KvpKl-pl"[cos(G +27T/3)} KUpKipr[COS(9+27T/3)] D33 D34 D35 D3¢ D37 Dsg

2.3. HSS Model of Vienna Rectifier under Closed-Loop Control

(24)

(25)
(26)

(27)

(28)
(29)

(30)

] (31)

In conclusion, the HSS model of the topology is represented by Equation (13), and the

controller HSS model Equation (24) can be connected, as shown in Figure 6.

l},—b L?"; I; -
U,—>{ H, Controller (3.7)x(2h+1) S,,| H,Power circuit(4,6)<2h+ D % |
| U‘-‘I—’ e o o o o o o S( e o e e e e LI i, :
i — 3
| Lo ] U" e o o o 0 0o o o oo | .
| IJ:-'-) ¢ U e o o 0o 0 0 0 o o _)[ 1, :
| lg‘ -+ o e @ & 0o & @ 0: e o o o o o o o o > U{I‘- |
| de=—> —> (Bl

Figure 6. Diagram of HSS model and control-circuit HSS model.
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To obtain the complete HSS small-signal model, the intermediate variable Y, should
be eliminated. Thus, the HSS model is given in Equation (32):

X = AfX; + BsUy (32)

where .
Xf = [Iu I, I U; X5 Xo X3] (33)

ek T

Uy = [0, U, U, U] (34)

_ |Ar+BmDer BrCe
Af N |: Bc2 Ac :| (35)

_ |Br1+BmDes BroDy
Bf B [ Bc3 Bcl (36)

Note that Bt, B, and D, in Af and Bf contain subscripts denoting the submatrices of
the original matrix after chunking, where the state quantities B.1, B¢y, Bes, D¢1, Dep, De3
are the partition matrices of the corresponding matrices.

Based on the HSS model obtained from the above derivation, Equation (32) under the
steady-state solution can be given as Equation (37):

Xy = A;'BrUy (37)

This can be mathematically manipulated to be given as in Equation (38):

I G,
jh = Hvienna Ub (38)
udc

Taking the first sub-matrix Y, in Hyje,,,, as an example, it reflects the relationship
between the a-phase voltage on the AC side and the a-phase current on the AC side. To
analyze the degree of the coupling relationship, it is necessary to convert the coefficients
in ¥, from complex numbers to real numbers. Each element of the matrix corresponds to
both its magnitude and phase angle. When the number of harmonics h is taken as 1, the
corresponding matrix of harmonic transfer coefficients is as shown in Equation (39):

Hi 4,1y Hio He
00  Ho (39)
wo)  Hay

jise
|
T @

where H,, ;) denotes the harmonic coupling coefficient, for example, Yy, ), which is expressed
as the transfer relationship between the nth input voltage and the mth input current.

It can be seen that the diagonal elements represent the coupling between the same
frequencies, called mutual coupling, while the non-diagonal elements indicate the coupling
relationship between different frequencies, known as hetero-coupling. Moreover, a larger
amplitude of the coupling coefficients indicates a higher degree of coupling.

When the mth harmonic is generated in the input voltage, for example, a-phase
voltage, its corresponding Fourier series form is as in Equation (40):

Ugm(t) = Ugm cos(mewot + Op)

Ua,m -0 e imewot | Ua,m - e/0m
2 2

_ —jmwt jimewot

= uﬂ,(fm) .e ] 0 _|_ uﬂ,(+m) . e] 0

ej mwot (40)
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Ugm(t) =

=1Y

where m represents the mth harmonic; U, is the amplitude of the mth a-phase voltage u,;
Ug, (+m) denotes the positive and negative Fourier coefficients of the mth a-phase voltage u,;
and 0, is the phase angle of the mth a-phase voltage u,.

The relationship between the nth input current i, and the mth input voltage u, ex-
pressed in terms of harmonic transfer coefficients is shown in Equation (41):

Y“("”"”>Mﬂmw°t+ Ya(+m,+n)Mejmw0t (41)
f—— .o 10 =m,—n) .Ia’(_n)e*jmmt + Yot ) ol Cim ) -I,Z,(Jrn)ef’"“’ot
where
Up,(—=m) = |Ya(=m,—n) e 0 mm) Ty )
Ua (+m) = |Ya(m,+n) .« ol0mm) Lo ()
where |Y;(_,, ) ) indicates the harmonic coupling coefficient; I, , is the amplitude of the

nth a-phase current ig; Iy, (+,,) denotes the positive and negative Fourier coefficients of the
nth a-phase current i;; and 6, is the phase angle of the nth a-phase current i,.

It is important to note that, in practice, there may be coupling relationships for more
than just nth-order input voltages for mth-order inputs. These relationships may result
from the product of the Fourier coefficients of the input variables and the harmonic transfer
coefficients (frequency-domain values) at several different frequencies. When h = 15, the
coupled conductance amplitude diagram of the AC-side voltage U, and current I, can be
obtained as shown in Figure 7.

o
-

I st
I 2nd
I 3d
. 4th
. 5th
I 6th
I 7th
[ 8th
I oth
I 10th
[ 11th
[ 12th
[ 13th

- i = [ l14th
145 — = = - | [15th

I
[

©
IS

=4
¥}

coupled conductance amplitude
=) o
- w

(=}

als
51314
11 12
o 10

Figure 7. Harmonic coupled admittance amplitude diagram (1st-15th).

It can be seen that the same-frequency perturbation of the input quantity u, has a
dominant influence on the output quantity i,. Additionally, the coupling amplitude matrix
of u, to ug, shows that the disturbance frequency of the grid-side voltage w, mainly affects
the wp & 50 Hz component of the DC-side voltage.

3. Simulation and Experimental Validation
3.1. Simulation and Experimental Analysis

The HSS model is implemented in MATLAB using an m-file. In the Vienna model,
the rectifier-side inductor is L = 2 mH, the capacitor is C = 2000 uF, the DC-side voltage
is 1y, = 800V, the grid-side voltage is 380 V, the rated power is 15 kW, and the switching
frequency is 5 kHz. Additionally, the controller parameters of Vienna are kyp = 0.45, ky; = 75,
Kip =24, and k;; = 100. These parameters are utilized in the simulation. The experimental
parameters are harmonized with the simulation parameters. Adjust the resistance value
of the resistor based on the load box to ensure consistency between the experimental and
simulation power parameters.
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To validate the accuracy of the proposed model, extensive testing is conducted. A
20 V 5th harmonic voltage perturbation is applied to the grid side. The a-phase current
waveforms of the AC side under this condition are shown in Figure 8.

S5 -Averale model - - - '

T 1. .
< A LS ARAAA o Al er\S/\S\(I‘i]Ker,'x?,) A 1 n '\_;‘H,\_f\ ) r\_,-.f_r Apa (\ \El’l{}t}hﬁ[&cl ;:"\ An /’\ a t A
?U 150 *T\Tf\j i ﬁv’» 'Y \"\./'\’_‘.”A'\u 1Y JV‘:“?V« AR AN AR LATaVa Y f'\l VAT E"A R A il \:’I\(’WV 8()0
k= &udc
P100F  [o77ms, £ 1780
jon] ~_______\\:\L _______ i AN ¥
(@] \\\ p \\\ /;/
Q 50r N . .
% N [ r4 i “\ v M X l\a T NooM 4 (& 760
\ A { g \ \ Y \ \ ,’\ / \ ! ' “
(@) \ { | Y Vo \ [ '
b OF: /’ 1 / \ { \\ \\ v\ \ \ / \ ,’ \ M _—-—
YRVAVAVARVAVAIRYRVAVAVAVALS
W ey 8 W W N W e \/
0.1 0.15 02 0.25 0.3
1/s

Figure 8. Comparison of AC current waveform under AC voltage disturbance.

From the results in Figure 8, there is a slight difference between the HSS model calcula-
tion results and the Simulink results, indicating that the HSS model established in this paper
is essentially accurate. When comparing the averaged models, it is evident that the HSS
method can accurately consider integer multiples of harmonics within the frequency range.
In contrast, the averaging model fails to account for harmonic transmission, rendering it
unsuitable for analyzing harmonics in large grids.

In order to quantitatively analyze the error between the mathematical model and
the simulation model, two different working conditions are established to enhance the
verification process. The fifth negative sequence voltage and the seventh positive sequence
voltage, each with an amplitude of 20 V, are injected into the grid side. The simulation
model and the HSS model provide calculated values for the amplitude of each harmonic
of the grid-side current, as shown in Figure 9. It can be seen that the amplitude of the
harmonic currents calculated by HSS after the introduction of the perturbation is closer to
that obtained by Simulink. This demonstrates the advantage of applying HSS to harmonic
analysis and highlights the reliability of the modeling.

4 40 4
% 30 2 % 30 2
220 2 20
1§3 0 *é_’ 0
3 5 7 9 11
§ 10 3 5 7 9 1 § 10
0 1 1 1 1 J 0 1 1 1 1 J
4 8 12 16 20 4 8 12 16 20
Harmonic number Harmonic number
Simulink

HSS No background harmonic voltage

@)

Simulink HSS No background harmonic voltage

(b)

Figure 9. Comparison of simulation model and HSS model. (a) Injection of 5th negative sequence
voltage. (b) Injection of 7th positive sequence voltage.

3.2. Harmonic Dynamic Behavior

Figure 10 depicts the dynamic behaviors of harmonics from the HSS model. Initially,
the Vienna rectifier operates under “case 1” conditions until 0.5 s, after which the grid
voltage harmonics are adjusted to “case 2”. In case 1, there are fifth (25 V) and seventh (5 V)
distortions, while, in case 2, there are fifth (12 V) and seventh (25 V) harmonic distortions.
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Figure 10. Simulation results verify the harmonic interaction.

From the results, it can be seen that the magnitude of the 7th harmonic of the current
increases as the 7th harmonic in the voltage increases. The harmonics of the DC side
also change due to the coupling of the AC side of the rectifier to the DC side through
modulation behavior. The DC-side change can be summarized as follows: introducing the
fifth negative-sequence voltage perturbation and the seventh positive-sequence voltage
perturbation increases the sixth harmonic amplitude of the DC-side voltage.

3.3. Experimental Results

To validate the HSS model from a practical perspective, this paper constructs an
experimental platform that includes the Vienna rectifier, as shown in Figure 11. The
MX45 three-phase power supply is utilized to power the test module. The module adopts
constant DC voltage control, and its output voltage can be set at 200-750 V. The output of
this module is connected to a load box comprising several 50 (2/5 kW resistors connected
in series and parallel. The AC-side current is measured using a wave recorder. It is possible
to set the fundamental frequency and the harmonic amplitude of the three-phase power
supply output by connecting it to the host computer.

MX45
Three-phase
power supply

Figure 11. Vienna rectifier test platform.

The a-phase voltage and current waveform measured during steady-state operation
are shown in Figure 12. It can be seen that the voltage and current remain almost in the
same phase, and the power factor is close to 1, ensuring the efficient operation of the system.
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Figure 12. Grid-side voltage and current waveforms in the same phase.

By setting the computer connected to the MX45, the fifth negative-sequence and
seventh positive-sequence voltage disturbances, each with an amplitude of 12% of the
fundamental waveform amplitude, are injected on the AC side. The three-phase current
waveforms at the grid side and their corresponding FFT analysis are shown in Figure 13. It
should be noted that the perturbation injection involves simultaneously injecting the three
phases with voltages of the same amplitude and frequency. The experimental results show
that voltage perturbation primarily causes an increase in the amplitude of AC current at
the same frequency. Additionally, it can be observed that the injection of the fifth negative
sequence voltage also causes an increase in the amplitude of the seventh harmonic current.
Similarly, the injection of the seventh positive sequence voltage causes an increase in the
amplitude of the fifth harmonic current. These findings are consistent with the results
obtained from the harmonic coupling conductivity map analysis.
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Figure 13. AC-side current waveforms with FFT analysis of i;. (a) Injection of 5th negative-sequence
voltage of 12% of fundamental frequency amplitude. (b) Injection of 7th positive-sequence voltage of
12% of fundamental frequency amplitude.

In order to further elucidate the findings, the simulation results are compared with
the experimental data. The comparison of the amplitude of each harmonic current between
the simulation model and the experimental results under the above two specified working
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conditions is illustrated in Figure 14. It can be observed that, despite a slight deviation
between the two results, the consistency of the law can still be reflected to a certain
extent. The difference between the two results may be attributed to the idealization of the
components in the simulation model, errors in the FFT analysis, and other factors.
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Figure 14. Comparison of simulation model and experiment. (a) Injection of 5th negative-sequence
voltage. (b) Injection of 7th positive-sequence voltage.

In order to further verify the consistency of the experimental results, two additional
sets of tests were conducted to inject 11 negative-sequence voltage disturbances and 13
positive-sequence voltage disturbances. The resulting three-phase current waveforms and
the FFT analysis of the corresponding single-phase currents are illustrated in Figure 15.
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Figure 15. AC-side current waveforms with FFT analysis of i;. (a) Injection of 11th negative-sequence
voltage of 12% of fundamental frequency amplitude. (b) Injection of 13th positive-sequence voltage
of 12% of fundamental frequency amplitude.

After injecting the two types of disturbance voltage mentioned above, it is evident that
the harmonic amplitude of the grid-side current continues to follow the pattern derived
from the analysis. However, it is important to note that, when the amplitude remains
constant after injection, the amplitude of the current at the same frequency increases,
indicating a higher level of harmonic content.
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4. Discussion

Based on the above findings, it is clear that the Vienna rectifier is equally capable
of reflecting the frequency-coupling phenomenon. Moreover, according to HSS method,
a high-dimensional model can be established from the perspective of the characteristic
subharmonics, and then the high-frequency subharmonic steady-state value of the research
object is calculated. Compared with other modeling methods, the HSS method can be
applied in higher frequency research scenarios. However, as the number of considerations
increases, the computational load also increases due to the higher number of matrix orders.
Therefore, addressing how to manage degradation has become a crucial issue. Additionally,
the HSS method can analyze the harmonic transmission of both the AC and DC sides of
the converter, providing advantages in harmonic and stability analysis. Future research on
this method will also focus on converters, motors, and electromagnetism.

Compared to other traditional methods, when dealing with time-varying behavior
and large network analysis, the HSS approach clearly exhibits distinct advantages. The
existing modeling methods handle time-varying variables in diverse manners, where the
switching function plays a pivotal role in converter modeling. The switching function
serves as the bridging link between the AC and DC sides. However, they simplify this
switching function through averaging techniques.

The commonly employed state-space averaging method effectively captures the sys-
tem’s dynamic response but falls short in analyzing switching frequencies. Conversely, in
the dynamic phasor method, although it considers the fundamental frequency component,
the switching frequency is ignored. In this paper, the HSS model can be tailored to the
desired maximum frequency, accurately describing the system’s dynamic response.

Additionally, as the size and capacity of the converters increase, the difficulty in an-
alyzing them will be further exacerbated. It is crucial to model the frequency coupling
between the system and the grid, as well as the transfer characteristics. The state-space
averaging method often complicates connecting the DC side of the system to other con-
verters. While models in the dq domain facilitate the analysis of both AC and DC sides,
parameter-dependent switching transients can introduce significant deviations, posing
additional challenges. Although the dynamic phase method offers improved accuracy
in such cases, its descriptive function may overlook the essential coupling components,
particularly when coupling is the dominant factor. In such scenarios, the influence of
switching transients must be carefully analyzed.

In summary, the HSS method has obvious advantages in the wide-frequency harmonic
analysis of a single converter, and the number of harmonic cut-offs considered depends
on the context, such as calculation time and range of error. And it can comprehensively
consider time-varying behaviors, reveal the frequency coupling behavior of AC and DC
sides, and analyze the harmonics of large networks. Moreover, the HSS method can analyze
unbalanced systems and has the capability of assessing stability and design controller.

5. Conclusions

This paper delves into the harmonic interaction between the Vienna rectifier and
the grid by leveraging HSS modeling. The HSS modeling process, incorporating dual
closed-loop control, is introduced to emphasize the distinctions with conventional mod-
eling techniques. Second, to ensure correctness, the established model is benchmarked
against time-domain simulation results. Third, the HSS model is employed to examine
the harmonic interactions, illustrating the characteristics of harmonics transmission. In
addition, the derived model enables one to analyze the frequency-coupling phenomenon.
Simulation and experimental results have demonstrated the effectiveness of the model.
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