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Abstract: Transformer-less connection schemes can provide a feasible solution for lowering the
economic cost, occupied space, and device weight of modular multilevel converter (MMC) systems.
However, due to the reduction in the converter transformer, the current flow loop is changed; as a
result, the existing MMC model is not suitable. In this paper, the ac- and dc-side equivalent circuit
models of the MMC system using a transformer-less connection scheme are established in both
a-b—c stationary and d—q rotating coordinate systems. Then, a highly accurate mathematical analysis
model is proposed, in which the interactions among the electrical quantities can be fully seen. The
mathematical model is established in the time domain, and hence the amplitude and phase angle of
every harmonic component in each quantity can be directly obtained. The proposed model is verified
under various typical situations by comparing the calculated values with the actual waveforms. The
comparison results prove that the calculation error is small enough to be negligible. The mathematical
model in this paper can provide a powerful tool in terms of the performance analysis and the main
circuit parameter design for MMCs in transformer-less applications.
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Transformer-Less Applications. 1. Introduction
Symimetry 2022, 14, 2498. https:// Voltage source converters (VSC) have gained more and more attention in both academia
doi.org/10.3390/5ym14122498 and industry [1]. In the past ten years, several kinds of VSCs have been developed and
commercialized in the form of standard and customized products; among them, the modu-
lar multilevel converter (MMC) is a highly regarded topology [2,3]. In comparison with
Received: 30 October 2022 conventional two- and three-level converter topologies, the MMC has the following promi-
Accepted: 17 November 2022 nent advantages: (1) less harmonic distortion and fewer switching losses; (2) no direct serial
Published: 25 November 2022 connections of the semiconductor devices; and (3) modularity and scalability to meet any
Publisher’s Note: MDPI stays neutral ~ VOltage level requirement [4-6]. Due to these advantages, the MMC has become the most
with regard to jurisdictional claimsin ~ Widely used topology in VSC-based high-voltage direct current (VSC-HVDC) systems [7].
published maps and institutional affil- ~ Moreover, it is considered a promising technology for renewable energy integration [8-10],
iations. medium-voltage reactive power compensation [11,12], electric transportation [13-15], and
SO on.
In the MMC-based conversion system, the converter transformer can contribute signif-
- icantly to the converter station space, weight, and cost. Due to the excellent ac-side output
performance of MMCs, a transformer-less operation can provide a more economical solu-
tion for MMC-based systems. In [16], a transformer-less MMC-based static synchronous
compensator was proposed, and the operation control strategy and capacitor voltage bal-
ancing method were presented in detail. In the paper, the feasibility and effectiveness
of a transformer-less operation were demonstrated. Then, an improved transformer-less
MMC-based static synchronous compensator was proposed in [17] to achieve a better
compensatory performance for high-power applications. The authors of another paper [18]
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carried out a study on the control of a transformer-less MMC-HVDC system during asym-
metric ac grid faults, which demonstrated the fault ride-through capability of the MMC in
transformer-less applications. In [19], a third-order harmonic voltage suppression method
was proposed for the five-level modular composited converter in transformer-less appli-
cations; based on the method, the ac-side zero-sequence current of the MMC could be
effectively suppressed. Third-order harmonic voltage was further studied in [20], and a
conclusion was drawn that the transformer-less connection could make the MMC have the
potential to induce ac-side zero-sequence currents. In the paper, a proportional-resonant-
based (PR-based) control strategy was proposed to suppress the unwanted harmonic
current. The authors of another paper [21] carried out a study to demonstrate the feasibility
of using a transformer-less MMC in a hybrid ac/dc power distribution system. The inter-
action influences of the ac and dc systems were analyzed. The paper also concluded that
a transformer-less scheme can save economic costs and space, which are critical issues in
power distribution systems.

The transformer-less connection scheme’s feasibility and application potential have
been demonstrated by existing studies [16-21], and the consensus is that it can make
MMC-based ac/dc systems more economic and lightweight especially in medium- and
high-voltage situations. However, at present, the research on MMCs in transformer-less
applications is still shallow, and many issues require further study. One of the most urgent
problems is that there is a lack of highly accurate mathematical models. The interactions
among the electrical quantities in MMCs were studied in [22,23]; the fundamental mathe-
matical models that can describe these interactions were established. Taking into account
the influence of circulating current injections, an improved mathematical model was pro-
posed in [24]; the correlation between the circulating current and the capacitor voltage
was illustrated. Reference [25] proposed a closed-loop modelling method, in which the
calculation accuracy of an MMC model was improved. Although the mathematical model
of the MMC has been studied in the above papers, none of these can be applied to MMCs
in transformer-less applications. Due to the reduction in the converter transformer, the
current flow loop is changed; consequently, there is a zero-sequence current in the ac side
of the MMC. As a result, the mathematical expressions and harmonic performances of
the electrical quantities are different. Thus, the existing MMC model is no longer suitable.
For solving the above-mentioned problem, a study is carried out in this paper, and the
contributions of this research are as follows:

e A highly accurate mathematical analysis model is firstly proposed for MMCs in
transformer-less applications. Based on this model, all the electrical quantities of the
MMC under the transformer-less connection scheme can be easily calculated, and the
interactions among the electrical quantities can be fully seen. It is worth noting that
the model is established in the time domain; as a result, the amplitude and phase angle
of every harmonic component in each quantity can be directly obtained.

e Taking the zero-sequence current flow loop into consideration, the ac-side and dc-
side equivalent models of MMCs in transformer-less applications are studied. The
equivalent circuit model is established in both a-b—c stationary and d—g rotating coor-
dinate systems, which can be used for analyzing the relationships among the external
electrical quantities of the MMC.

e Case studies under various typical situations are carried out. The waveforms of
typical electrical quantities are presented, and the calculated values are compared
with the actual waveforms. The comparison results prove that the calculation error is
small enough to be negligible; hence the proposed mathematical model can provide
a powerful tool for the performance analysis and main circuit parameter design of
MMCs in transformer-less applications.

The rest of this paper is structured as follows. In Section 2, a typical circuit diagram of
the MMC in transformer-less applications is presented, and the required basic formulas
are also given in this section. Section 3 establishes the equivalent circuit models in both
a-b—c stationary and d—q rotating coordinate systems. A highly accurate mathematical
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analysis model of MMCs in transformer-less applications is proposed in Section 4; the
coupled relationships among the ac-side system, the MMC, and the dc-side system are also
analyzed. In Section 5, the proposed model is verified under various typical situations, and
the effects of changing the circuit parameters are analyzed in case studies. Finally, Section 6
concludes this paper.

2. Foundations

In Figure 1, a typical circuit diagram of an MMC in transformer-less applications
is presented [26—28]. The main circuit is composed of three phase legs, and each leg
is composed of an upper arm and a lower arm. In each arm, there are N half-bridge
submodules (SM). It is worth noting that an arm inductor is connected in the series with
submodules in each arm, which is denoted by L,,, and the power losses in each arm are
represented by the series connection resistor R;;. The dc-side smoothing reactor is denoted
by Lj.. In transformer-less applications, the MMC is directly connected to the ac power
grid; the equivalent inductance of the ac power grid is represented by L;.
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Figure 1. Typical diagram of an MMC in transformer-less applications.

Due to the symmetry of the three phases, phase A is taken as an example for our
analysis. The ac-side voltage can be expressed as shown in (1).

ug(t) = Us cos(wt) 1)

where U, denotes the amplitude of the ac-side power grid voltage.

The ac-side current is denoted by i,(t), and it can be expressed as shown in (2). It
should be noted that, in transformer-less applications, there will be a third-order harmonic
component in the ac-side current. This third-order harmonic current will flow from the
ac-side power grid across the MMC to the dc-side system.

i/z<t) = ia,lw(t) + ia,3w(t) (2)

where '
{ ig1w(t) = Iy cos(wt + Bq)

i3w(t) = Iyg cos(3wt + B3) (©)
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In (3), Iiy1 and B; denote the amplitude and phase angle of the fundamental current,
respectively; I;3 and B3 denote the amplitude and phase angle of the third-order harmonic
current, respectively.

Due to the existence of the above-mentioned i, 3,4(t), the dc-side current will contain
not only the dc component but also the third-order harmonic component. The dc-side
currents in the upper and lower dc buses are denoted by iy, () and iy ,(t), respectively;
and their expressions can be derived as shown in (4).

{ idc,p(t) = Idc + %iu,Brd(t)
idc,n(t) = Ij. — %ia,Srd(t)

4)

where 1. is the dc component in the dc-side current.
Then, according to Kirchhoff’s current law and Figure 1, the upper- and lower-arm
currents can be presented as shown in (5) [29,30].

iy (t) = lge y fat)
{ iap(t) = Iic _ i) ®)
an 3 2

where iz, (t) and i,y (t) represent the upper- and lower-arm currents, respectively.

3. Equivalent Circuit Model for MMCs in Transformer-Less Applications

Based on Kirchhoff’s voltage law and the circuit diagram shown in Figure 1, the
following equations can be obtained:

dig (t , digy(t) dige ,(t) U,

Ls Zlg ) Uy == _leap - Lmia‘;t — Ugp — Lgc ;Ft’ ch (6)
dig(t . dign (t di t U

Ls Zi ) 4 g == Ryyian + Ly ”;t( ) 4t + Ly d;’;( ) _ —z‘ic @)

where gy (t) and ug,(t) are the upper- and lower-arm voltages, respectively; Uy, denotes the
dc-side voltage.

Equations (6) and (7) present the relationships among the arm voltage, arm current,
dc-side voltage, ac-side current, and ac-side voltage in MMCs. We can define the differential
voltage u5,(t) and the common-mode voltage tcom,aq(t) as shown in (8).

{ taigpalt) = 2yt ®
Mcom,u(t> = an( );uap( )

Based on (6)—(8), the differential voltage and common-mode voltage can be derived
as follows:

Ugiff,a(t) = Ugigr10(t) + Ugiff 30 (t) 9)
u Ry 1
Ueom,a(t) = 2‘“ - ’"3‘“ (10)

where 151, (t) and w4 3., (f) denote the fundamental and third-order harmonic compo-
nents in the differential voltage, respectively, and their expressions are presented in (11).

Ugiff10(t) = Us cos(wt) + % cos(wt + p1) — {Ls + %} - Wl sin(wt + B1) a
Waiff e () = 252 cos (3wt + B3) — [LS o %} 3w,z sin(3wt + B3)

Then, the equivalent circuit model of the MMC used in transformer-less applications
can be established based on (9)—(11), which is presented in Figure 2.
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Figure 2. Equivalent circuit model of MMC in transformer-less applications in the three-phase a—-b—c
stationary coordinate system.

In (9)-(11), the equivalent circuit equations are established in the three-phase a—b—
stationary coordinate system. Based on the Park transformation [23], it can be transformed
into the d—q rotating coordinate system. The derived equations are presented in (12).

U Ruly
ucom,dc - Td B :
Ugiff1wp = Us — [Ls + LT’"} “wlyy sin(By) + % cos(p1)
Ugiff1wg = —|Ls + LT’"} ‘Wl cos(By) — % sin(p1)
ucom,ZwD =0 (12)
ucom,ZwQ =0 )
o L 3L, . R I3
Ugiffawp = — | Ls + 3 — 25| - 3wlys sin(B3) + —He cos(B3)
Waiffpwq = — |Ls + 5 + 35| - 3wl cos(Bs) — 222 sin(Bs)

where Uy de, Ucom,20D, and Ucom, 20 denote the dc and 2w components of the common-
mode voltage in the d—g rotating coordinate system; and Uy 10D, Usiff 100, Udiff 30D, and
Ui 3w are the 1w and 3w components of the differential voltage in the d—g rotating
coordinate system.

It should be noted that, although the equivalent circuit model has been derived in
(9)—-(12) and Figure 2, the values of the internal electrical quantities in MMCs cannot be
known from it. This is because the equivalent circuit model can only describe the external
relationships among electrical quantities. Therefore, a highly accurate mathematical analy-
sis model is proposed in the next section for calculating the values of the internal electrical
quantities in MMCs in transformer-less applications.

4. Mathematical Analysis Model for MMCs in Transformer-Less Applications

After the establishment of the equivalent circuit model in Section 3, the external
relationship of the electrical quantities of the MMC can be known. In this section, a highly
accurate mathematical model will be proposed to describe the internal relationship of the
electrical quantities of the MMC. In the model, the effects of not using a transformer are
fully considered.

The modulation signals in the upper and lower arms, denoted by M, (t) and Mg,(t),
can be defined as follows:

{ M:zp(t) = % - le(t) - MZw(t) - M3w(t) (13)
Man(t) = % + le(t> - M2w(t) + M3w(t)



Symmetry 2022, 14, 2498

6 of 15

where My, (t) denote the k-th order harmonic components, and their expressions are shown
in (14).
My (£) = Agcos(kwt 4+ ag), k=1, 2, and 3 (14)

In (14), Ax and &) denote the amplitude and phase angle of the k-th order harmonic
components in the modulation signals, respectively.

The relationships between the arm currents and the capacitor currents can be expressed
as shown in (15), and the relationships between the capacitor currents and the capacitor
voltage can be expressed as shown in (18).

icap,ap(t) = Map(£) - iqp(F)
{ lcaiaZ(t) = Ma:(t) -zaZ(t) (15)

where iggp () and iggp,an(f) denote the capacitor currents in the upper and lower arms, respectively.

In the capacitor currents, the dc component should be zero; otherwise, it can lead to a
constant increment of SM capacitor voltages, which means that the converter system is not
stable. Thus, the following equivalent equation can be derived:

t+T .
/t fcapap(t) dt =0 (16)

Substituting (2)—(5) and (13)—(15) into (16), the expression of the dc-side current can be
obtained as follows:

3A41 3A
Ige = % cos(ag — 1) + 3 " cos(az — B3) (17)

The SM capacitor voltage can be derived by integrating the capacitor current, which is
presented in (18).
_ 1 r.
{ucap,up(t) =Ug 4. + mflcup,ap(t) dt as)

ucap,tm(t) = uc,dc + ﬁf icap,an(t) dt
where Ugp ap(t) and tiegp an(t) denote the SM capacitor voltages in the upper and lower arms,
respectively; and Cy; denotes the capacitance of the SM capacitor.

Then, substituting (2)—(5) and (13)—(15) into (18), the expression of the SM capacitor
voltage can be derived as follows (19):

ucap,ap(t) = uc,dc + uc,lw(t) + ”c,2w(t) + ”c,3w(t) k=12 and3 19
{ucup,tm(t) = Uc,dc - ”c,lw(t) + uc,Zw(t) - uc,3w(t), n (19)

where u, i, (t) is the k-th order harmonic components in the SM capacitor voltages.

Ue1w(t) = 3‘41([:‘” sin(wt + aq) + 4me1 sin(wt + B1) — AZIC"’3 sin(wt — ap + B3)
fZIC”” sin(wt + ay — B1)

Uepw(t) = Azédc sin(2wt + ap) — ?315"1\14 sin(2wt + a3 — B1) — A L sin (2wt + a; + B1)
é“llc"ﬁ sin(2wt — aq + B3) (20)

AslL

Uesw(t) = 12{(";% sin(3wt + B3) — gocs sin(3wt + a3) — 1/2‘2]15’1 sin(Bwt + ay + B1)

Ueaw(t) = As & sin(d4wt + a3 + f1) — 12};&":/[ sin(4wt + a1 + B3)

Uesw(t) = 2‘82)1(’5’3 sin(5wt + ap + B3)

ucl6w(t) = 2‘2211(":13 s1n(6wt + a3 + /53)

In (12), the expressions of differential and common-mode voltages are established
by the external electrical quantities. Based on the equations derived in Section 4, the
expressions of differential and common-mode voltages can also be established by the
internal electrical quantities of the MMC.
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Equation (21) shows the relationships between the arm voltage and the SM capacitor voltage.

{ Uap(t) = N - Map(t) - theap,ap(t) 1)
uan(t) =N- Man(t) : ucap,lm(t)

Substituting (21) into (8), the differential and common-mode voltages can be expressed
as shown in (22).

N X Mg, (t) “Ucap,an (t) EMap (t) “Ucap,ap (t)

Udiffa (t) =
ff N Mun(t)'ucup,/m(t)+Mup(t)'ucap,ap(t) (22)
’ 2

Ucom,a (t) =

Then, based on (13), (19) and (22), the mathematical expressions of the differential and
common-mode voltages can be established in the d—4 rotating coordinate system by using
the internal electrical quantities of the MMC; the obtained equations are presented in (23).

NU, AyALN AyAslN .
Vcam,dc = 26/0 %6(42)7(5”1 SIH(“l —ax+ :Bl) - ﬁ Sln(t’éz —az+ :Bl)
-‘rAll'glN sin(ag — B1) — 73‘?6’2%"31\] sin(aq +ap — B3) + ‘;ji}’gij sin(az — B3)
Al Ay AgLgN .
Viiffrop = A1NUep cos(ag) + 63064 Sm(fxl) el sin(ag — az + B3)
A4yl N Ay AslN
’7112&[1;, sin(as — a2) + G52 sin(2m — ) + 4475 sin(a + a3 - B3)
G sin(az — ) + S sin(2as — ) — EEN sin(ao — a3)
A2 A2 AZ L. Nsi
SwCM + Towty — T2ty — 32wty ) ImNsin(B1)
Al Ay AslaN
Viiffawg = —ANUesin(ar) + HET cos(w) — 4732 cos(ay — a5 + B3)
A21,5N
+ 44538 cos(a — az) — Tyt cos(2m — Bs) + AN cos(m + a5 — B3)
AlsN AN ApAsl
s cos(wa — B3) + gt cos(2a2 — B3) + 733655]\; cos(ay — ag)
A} A2 AZ 1IN
WCM + Towty — TwCy; — 33wey; ) ImNeos(B1)
N Agly N ApAslygN .
Veomawp = —AaNU, g cos(az) + (M‘é‘ sin(2a1) — lzzufcf sin(ay) — ﬁ sin(ay + a3 — B3)
+7’:1‘:2§”1§ sin(ag + ap — ﬁj)A—i—I ’{‘?355'3M sin(az — B1) — 3%%&}41\11512(041 + B1) (23)
9wgcdc sin(ag — a3) — 528 sin(ag — ap — B1) + Z G0 sin(a — ap + B3)

541 LN 3A2 A3l N AyAslaN -
+ s sin(ar — B3) + 732255:41 sin(az — a3 — P1) + “45o¢ sin(az — a3 + B3)
N
Veompwg = +A2NU g sin(ay) + 61 lae cos(2a7) — ?zzwdé cos(ap) — AZSA’M cos(ap + a3 — B3)

+ g cos(ag +ap — 131) + e cos(as — pr) — L cos(a + B1)

7A19A31df cos(a —a3) + 7’452218‘11\] cos(a; —ap — B1) + 75/%12’2}%;‘2N cos(aq — ap + B3)
M cos(ay — ﬁS) %M cos(ap —az — 1) + % cos(ap — a3 + B3)
Viiff 30D = A3NUcp cos(az) + 183wdéM sin(ag) + % sin(ap + B1) — Alﬁf# sin(ag + ay)
- f;J&N sin(2ap — B1) — Ifaf,cM sin(2a1 + ﬁl) %71&1\1 sin(ay 4 a3z — 1)
*W sin(ar — a3 — B1) —  azpcy; + 32wa + ZO?CM + 48wa>Im3N5i”(53)
Viiff 300 = = —A3NU,gsin(ag) + %Jfé cos(az) + /z’%‘ljg\/lN cos(ay + B1) — % cos(ag + ap)
- gi)'glMN cos(2ap — B1) — ?Ging cos(2a1 + B1) — % cos(aq + a3 — B1)

A A3LgN o -~ 3A2 3A3 A2
i cos(a — a3 — B1) — | smcy + 3wy T weey + Waty | ImaNeos(Bs)

where the expressions of Vo, dc, Vdiﬁ,ler Vdiﬁ,ler Veom,2wDs Veom,20wQs Vdiff,3wD and Vdiff,SwQ
are established by the internal electrical quantities of the MMC; V4, 4, Veom,20p and
Veom,2wq denote the dc and 2w components of the common-mode voltage in the d—
rotating coordinate system, respectively; and Vyigi1wp, Viaig1wQ, Viigswp and Viigswg
are the 1w and 3w components of the differential voltage in the d—g rotating coordinate
system, respectively.



Symmetry 2022, 14, 2498 8 of 15

In (12) and (23), the differential and common-mode voltages are derived by two
different approaches; hence, the equivalent equations in (24) can be established.

ucom,dc = Vcom,dc

Ugiff1wp = Viiff1wD

Uaiff 100 = Viiff 100

ucom,ZwD =0 (24)
ucom,2a1Q =0

Uadiff3wD = Viiff3wD

Uadiff3wD = Viiff3wD

The detailed eXPrGSSiOHS of ucom,dcr Udzﬁc,IwDr udzﬁ‘,ler ucom,ZwDr ucom,Zer udiﬁ,SwDr udiﬁ‘,?)wQ/
Veomder Vaigg1wDs Viig1wQs Veom2wDs Veom, 200, Vaigrawp and Viigawq are presented in (12) and (23).

Then, based on the above-derived equations, the electrical quantities of the MMC in
transformer-less applications can be calculated. For convenience, a flow chart showing the
detailed calculation procedure is presented in Figure 3, and the calculation procedure is
explained as follows:

STEP I: Input main circuit parameters

v

STEP 2: Calculate the six quantities Ucde, A1, a1, A2, a2, Im3 and f3 by
solving the six equivalent equations in (24)

v
STEP 3: Calculate the modulation signals by (13)
v
STEP 4: Calculate the ac-side and dc-side currents by (2)—(4),
and (17)
v

STEP 5: Calculate the upper and lower arm currents by (5)

12
STEP 6: Calculate the SM capacitor voltages by (19) and (20)

v

STEP 7: Output the values of electrical quantities

Figure 3. Flow chart for calculating the time-varying values of electrical quantities based on the
proposed mathematical model.

e  STEP 1: The main circuit parameters of the MMC are input. These parameters include
the SM capacitance Cy;, number of SM in one arm N, arm inductance L;,, dc-side
rated voltage Uy, ac-side rated voltage U, inductance of dc-current reactor L., and
equivalent ac system inductance L;. These are the prerequisite parameters determining
an MMC system.

e  STEP 2: The six unknowns (U, 4., A1, &1, A, &2, Iy3, and B3) can be solved from the
derived six equivalent equations shown in (24). The equivalent equations can be easily
solved by numerical methods, such as Newton’s method, which is well known [31].

e  STEP 3: After the amplitude and phase angle of the modulation signal are obtained,
its time-varying values can be calculated by equations shown in (13).

e  STEP 4: The ac-side and dc-side currents can be calculated by the equations derived
in Sections 3 and 4. The equations of the ac-side current are shown in (2) and (3); the
equations of the dc-side current are shown in (4) and (17).

STEP 5: The upper- and lower-arm currents can be directly calculated by (5).
STEP 6: The SM capacitor voltages in the upper and lower arms can be directly
calculated based on the derived equations shown in (19) and (20).

e  STEP 7: Finally, the time-varying values of the electrical quantities in the MMC can

be obtained.
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5. Case Study and Verification

To verify the accuracy of the proposed mathematical model, cases under different
typical operation situations are studied in this section by using the RT-Lab platform [32-34].
The topology of the MMC used is presented in Figure 1. The main circuit parameters are
shown in Table 1.

Table 1. Main circuit parameters of the MMC used.

Parameter Values
Rated power 100 MVA
Rated system frequency 50 Hz
Rated line voltage 110 kV
Dc link voltage +100 kV
Number of SMs per arm 100
SM capacitor capacitance 3000 pF
Arm inductance 10 mH
Equivalent ac system inductance 10 mH
Dc current reactor 10 mH

5.1. Converter System Current in Transformer-Less Applications

The system currents in transformer-less applications are presented in Figure 4. The
power condition is “S = 100 MW, ¢ = 0 rad”. The actual waveforms are denoted by the
colored curves, and the calculated values are denoted by the dots and dashed lines. From
the top to the bottom, the four sub-figures show the comparison results of the output
current of phase a, the upper- and lower-arm currents, the ac-side zero-sequence current,
and the positive and negative dc bus currents. The calculated values are obtained based on
the proposed mathematical model in this paper.

Actual Waveforms  =====: Calculated Values
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Figure 4. Comparisons between the calculated values and the actual waveforms under the power
condition of “S = 100 MW, ¢ = 0 rad”. The waveforms include the system current i,(t), the upper and
lower arm currents iap(t) and iz, (t), the ac-side zero-sequence current i ,(t), and the dc bus currents

idc,p(t) and idc,n(t)~

As seen from Figure 5, the calculated values fit well with the actual waveforms,
which proves that the established mathematical model is accurate. It can be seen that
the amplitude of the ac-side zero-sequence current is 140.1 A, and the frequency of the
current is 150 Hz; moreover, the dc bus currents contain not only the dc component but
also the ac component, which is at a frequency of 150 Hz. This can confirm that there is
a third-order harmonic current flowing among the ac, MMC, and dc systems when the
connected transformer is not used. This third-order harmonic current can be accurately
seen in the proposed mathematical model.
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Actual Waveforms  ====- Calculated Values
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Time ¢

Figure 5. Comparisons between the calculated values and the actual waveforms under the power
condition of “S = 100 MW, ¢ = /4 rad”. The waveforms include the system current i,(t), the upper
and lower arm currents ig(t) and iy (t), the ac-side zero-sequence current is (), and the dc bus
currents iy ,(t) and iz, (£).

For further verifications, the power condition is changed to “S = 100 MW, ¢ = 7t/4 rad”,
and the waveforms are shown in Figure 5. Similarly, the actual waveforms are denoted by
the colored curves, and the calculated values are denoted by the dots and dashed lines.

As seen from Figure 5, although the power condition is changed, the calculated values
are still consistent with the actual waveforms. This can further prove that the proposed
mathematical model is accurate. Moreover, the third-order harmonic current that flows
among the ac, MMC and dc systems is highly related with the power condition of the
MMC. The amplitude of the ac-side zero-sequence current is changed to 89.5 A when the
power factor angle changes to ¢ = 7t/4 rad. This change can be fully seen in the established
mathematical model in this paper.

5.2. SM Capacitor Voltage and Modulation Signals

Based on the proposed mathematical model, the values of the SM capacitor voltages
and modulation signals can be easily calculated. To verify the calculation accuracy, the
comparisons are presented. Figures 6a and 6b shows the waveforms under the power
conditions of “S = 100 MW, ¢ = 0 rad” and “S = 100 MW, ¢ = 1t/4 rad”, respectively. As
seen from the comparison results, the curves of calculated values always coincide with the
actual waveforms under different power conditions, and the calculation errors are small
enough to be negligible.

Actual Waveforms === - Calculated Values
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Figure 6. Cont.
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Figure 6. The verification of calculation accuracy of the SM capacitor voltage and modulation signal
in the proposed model by comparisons between the calculated values and the actual waveforms
under different power conditions: (a) under the power condition of “S = 100 MW, ¢ = 0rad”; (b) under
the power condition of “S = 100 MW, ¢ = /4 rad”.

5.3. Influence of Main Circuit Parameters

Furthermore, to verify the accuracy of the proposed model under different main circuit
parameters, three typical situations are selected for case studies, which are stated as follows.

e  Situation 1: The arm inductance L, is changed to be 20 mH. The waveforms of
electrical quantities are presented in Figure 7.

e  Situation 2: The equivalent inductance of the ac-side system L is changed to be 20 mH.
The waveforms of electrical quantities are presented in Figure 8.

e  Situation 3: The inductance of the dc-side current reactor Ly, is changed to be 20 mH.
The waveforms of electrical quantities are presented in Figure 9.

In Figures 7-9, sub-figure (a) shows the waveforms of the dc-side current, SM capacitor
voltages, and modulation signals; sub-figure (b) shows the waveforms of the ac-side current,
arm currents, and ac-side zero-sequence current. The actual waveforms are denoted by the
colored curves, and the calculated values are denoted by the dots and dashed lines.

Figure 7 presents the waveform and calculated values when the arm inductance Ly, is
changed to be 20 mH. It can be seen that the calculated values still fit well with the actual
waveforms. This can prove that the accuracy of the proposed method is not affected by the
circuit parameter modification, the established mathematical model is still highly accurate
when the arm inductance is changed.

In Figure 8, the equivalent inductance of the ac-side system L; is changed to be
20 mH. Comparing Figure 8 with Figure 7, the waveforms are influenced by the param-
eter modification. Nevertheless, the calculated values are still consistent with the actual
waveforms; hence, the influence of parameter modification can be seen in the proposed
mathematical model.

Figure 9 presents a situation in which the inductance of the dc-side current reactor
Lg. is changed to be 20 mH. The established model is still highly accurate in this situation.
Moreover, it is worth noting that the fluctuation value of the ac-side zero-sequence current
is significantly influenced by the inductance of the dc-side current reactor L;.. Thus, when
the MMC is used in transformer-less applications, the selection of L;. should consider the
influence of the ac-side zero-sequence current. Since the influence can be accurately seen in
the proposed mathematical model, this paper can provide a useful tool in the main circuit
parameter selection of MMCs.

From the comparisons above, it can be confirmed that the accuracy of the proposed
method is not affected by the circuit parameter modification, the established mathematical
model is always highly accurate regardless of the value of the adopted circuit parameters.
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Figure 7. Influences on the typical electrical quantities when the arm inductance L;, is changed

to be 20 mH; (a) waveform of the dc-side current, SM capacitor voltages, and modulation signals;

(b) waveform of the ac-side current, arm currents, and ac-side zero-sequence current.
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Figure 8. Influences on the typical electrical quantities when the equivalent system inductance L is

set to be 20 mH; (a) waveform of the dc-side current, SM capacitor voltages, and modulation signals;

(b) waveform of the ac-side current, arm currents, and ac-side zero-sequence current.

600

ld(‘,jJ&jdc',n (A)
wn
=]
O

400
S 2300
< 2000
2
F 1700
=
R
U;E
°?5Q 0.5
T 05
1000
S
~1000
1000
< 500
5
g 0
£ 500
125
S0
-125

Actual Waveforms --e-- Calculated Values

A
‘,\‘\"if‘ﬂ_ ,:vy\ﬂuf*:‘,u"\f‘rﬂo“ kf‘nfo,’,;\"\.'\r,,
AAAMAASAAAAAS A AR 'd‘.m’v AN ""’"

":/"/ ,\5}5» //\f X
OOOOOOOCK

5.10 5_12 5.14 5.16 518 5.20

Time ¢
a
Actual Waveforms --e-- Calculated Values
™ ™ rFa ' o™ Py
b f. \q d LY ¢ .\ I" A v"

I, FaVaVaVaWalyay 3 ’,f
r '..-. \‘“.'...'5 q““.l-..t‘ q‘.’.-.l..‘ .o, .h T
|3 . P ? ’I P '. \ F A * ,t ‘ﬂ J
VARAAARARAAAADNAN
_|=;|,|"blll|ll“l ||!;|,\'1“ v
VYV VY VY YV VYV VY
5.10 5.12 5.14 5.16 5.18 5.20
Time ¢
(b)

(b) waveform of the ac-side current, arm currents, and ac-side zero-sequence current.

Figure 9. Influences on the typical electrical quantities when the dc-current reactor L. is set to
be 20 mH; (a) waveform of the dc-side current, SM capacitor voltages, and modulation signals;



Symmetry 2022, 14, 2498 14 of 15

6. Conclusions

A transformer-less connection scheme can provide a more economical solution for
MMC-based systems. However, since the reduction in the converter transformer can
make the existing MMC model no longer suitable, analyses of MMCs in transformer-
less applications are difficult. This can hinder the development and application of the
transformer-less connection scheme in MMC-based systems.

In this paper, a highly accurate mathematical analysis model is proposed. Based on
this model, all the electrical quantities of the MMC under the transformer-less connection
scheme can be easily calculated, and the interactions among the electrical quantities can
be fully seen. In addition, the amplitude and phase angle of every harmonic component
in each quantity can be directly obtained. In the case study section, the proposed model
is verified under various typical situations by comparing the calculated values with the
actual waveforms. The comparison results prove that the proposed mathematical model is
highly accurate in all situations, and the calculation error is small enough to be negligible.

The mathematical model established in this paper can provide a powerful steady-
state analysis tool for MMCs in transformer-less applications. Based on this study, further
research can be carried out on the transformer-less connection scheme in MMC-based
systems, such as for operation region analyses, circuit parameter selection and steady-
state performance optimization. Due to the economy of the transformer-less connection
scheme, this study is significant not only for DC power supply technology but also modern
power systems.
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