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Abstract: This paper presents a study of the hybrid cascaded modular multilevel converter (HC-MMC). It
shows that voltage regulation of the full-bridge submodules requires special provisions for energy-flow
control between the converter’s main power stage and the external ac network. Novel control and
hardware methods for regulating the converter’s submodule voltage and extending its linear operating
range are presented. The mathematical foundations of these methods are developed using simplified
converter models. Experimental results using a laboratory prototype are presented to verify the efficacy of
these methods. Extensive electromagnetic transient simulation studies are also conducted to verify the
proposed solutions’ effectiveness in normal operating conditions as well as under dc faults.

1. Introduction
Modular multilevel converters (MMCs) have become prevalent in areas where conventional two-

and multilevel voltage-source converters (VSCs) were traditionally used. MMCs provide a high level of
controllability, improved harmonic performance, and low losses in scalable topologies that can be adapted
to the ratings of each application [1]-[8]. In the context of high-voltage dc (HVDC) systems, MMCs offer
reduced filtering requirements, immunity to commutation failure, and wider operating ranges compared
with line-commutated converters (LCCs) [9].

The original MMC topology is based upon half-bridge (HB) submodules and has been extensively
studied for high-power applications including HVDC transmission, integration of renewable energy
sources, and motor drives [10]-[12]. Despite its benefits, the HB-MMC topology is unable to block dc
faults, which is a severe drawback. In the event of a dc fault, the HB submodules are blocked; however,
the ac system continues to feed the faulted dc side through the reverse-conducting submodule diodes. To
prevent this, ac circuit breakers must operate and isolate the ac system from the faulted dc system.

A new class of MMC topologies have been proposed with the ability to block dc faults [13]-[21].
These converters deploy full-bridge (FB) submodules in their topologies, either as the only building block
or in combination with HB submodules [14], [15] or other controlled switching configurations [14], [20],
[21]. The advantage of using FB submodules is that upon blocking in the event of a fault, the FB
submodule capacitors will remain in the circuit’s conduction path. The stack of FB-submodule capacitors
will continue to charge, thus opposing the ac system’s voltage and countering its contribution to a dc fault,

thereby providing dc-fault blocking.
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This paper considers one such hybrid MMC in which a stack of FB submodules is placed in series
with each phase [15] as shown in Fig. 1(a). The paper firstly examines the converter’s operation from the
standpoints of average power and submodule capacitor voltage balancing/regulation. This analysis
demonstrates that special provisions are required to ensure that the FB submodule capacitors retain their
desired average voltage throughout the converter’s entire operating range. The paper then presents
methodologies for achieving FB-submodule capacitor voltage regulation. The proposed methods are based
upon control system modifications to regulate the FB submodule capacitor voltages and to extend the
converter’s linear operating range. A novel topological solution is also proposed that further extends the
converter’s linear operating range. The proposed solutions are established analytically using simplified
converter models. Experimental results obtained on a laboratory prototype are then presented to validate
the proposed voltage regulation methods. Extensive electromagnetic transient (EMT) simulations are also
conducted to fully assess their functionality during normal operation and dc-fault conditions for a mixed-

technology (LCC-MMC) dc transmission system.

2. Operating Principles of the HC-MMC
A single-phase schematic diagram of the HC-MMC is shown in Fig. 1(a). The converter consists of

two building blocks: the main power stage, which is similar to a conventional HB-MMC, and the active-
filter stage comprised of FB submodules. The main power stage is primarily responsible for generating a
controlled voltage at its terminals (denoted with subscript ‘m’ in Fig. 1(a)) and for transmitting power
between the dc and ac sides. The stack of FB submodules is utilized as an active filter to reduce harmonics
and block dc faults. The HB submodules in the main power stage have a nominal voltage of Vep, = Vae/Nh,
where Vg is the dc-link voltage and N, is the number of arm submodules (excluding redundancy). To
prevent the ac system’s contribution to a dc fault, FB-submodule capacitors must maintain a (minimum)
nominal voltage of Vg = (V4./2)/Nr where N is the number of FB submodules (excluding redundancy) per
phase when the peak ac voltage is assumed to be Vy./2.

In this paper, phase-disposition PWM (PD-PWM) [1], [2] is used for both the main power stage and
the active filter stage. Since the stack of FB submodules provides filtering for the main power stage
voltage, they must use high-frequency PD-PWM, whereas a low-frequency PD-PWM is sufficient for the
main power stage. The HB submodules can produce two voltage levels: 0 and V. The FB submodules
can produce three voltage levels: 0 and +V.4, [15]. Without considering voltage-regulation control for the
stacked FB submodules, the basic operating waveforms for the HC-MMC with N, = 6 and Ny = 3 using
PD-PWM are shown in Fig. 1(b), where Vietph, Vrefmain, and veern, are the references for the output phase

voltage, the main power stage voltage, and the FB stack voltage respectively. The frequency of the carriers
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for the main power stage and the stacked FB submodules are 9f, (low-frequency) and 27f, (high-
frequency), respectively, where £, denotes the fundamental frequency. It is observed that the actual voltage
waveform of v, is unable to track its reference (Viermain) When the instantaneous value of vyermain becomes
larger than 1.0. However, the terminal output phase voltage (v,) can be made sinusoidal by the FB
submodules to compensate for the lack of tracking by the main power stage with Viertp = Viefph - Vam.
Without voltage-regulation control for the stacked FB submodules, the same reference waveform must be
used for both the output phase voltage and the main power stage voltage to achieve the least filtering
burden for the stacked FB submodules. However, this will cause energy deficiency for the main power
stage when the modulation index is larger than 1.0 and leads to a voltage drop in the FB-submodule

capacitor voltages (which will be analyzed in detail in Section 3).
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Fig. 1. HC-MMC topology and ideal basic waveforms
a. Schematic diagram of the single-phase HC-MMC circuit
b. Basic waveforms operating with PD-PWM without considering voltage-regulation control

The HC-MMC provides several degrees of freedom for crafting output voltages that meet harmonic
requirements. The THD of the output voltage depends upon the numbers of both HB and FB submodules,
among other factors. It is shown that with 3-level PD-PWM switching for the FB submodules, the output
voltage THD will be lower than that of the main power stage voltage if Ny > Ny/2. In other words, the

number of FB submodules must be at least half of the number of HB submodules in the main power stage
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[23]. In the experiments presented in this paper, the quantities of submodules are selected to satisfy this

condition.

3. Capacitor-Voltage Regulation and Linear-Range Extension Methods
During normal operation, the HB- and FB-submodule capacitor voltages must be well balanced and

maintained tightly around their nominal values. In order to balance the submodule-capacitor voltages, the
conventional sorting and rotating method was implemented [22]. To balance the capacitor voltages within
each stage, the sort and rotate method is implemented separately for both the main power stage and the
active filter stage. For the HB submodules within the main power stage, this method of operation, which
guarantees N, submodules are inserted at every instant of time, helps ensure that the HB submodule-
capacitor voltages remain balanced and regulated at their nominal value (V4./Ny) based upon Kirchhoff’s
voltage law (Vi = Vpa + VNa = NuVean). There is, however, no such inherent regulating mechanism to
ensure that the average FB submodule capacitor voltages remain at their desired nominal value of
Va/(2Ny), which is the minimum requirement for de-fault blocking. Therefore, a control system is required
to regulate the average FB-submodule capacitor voltages.

The following subsection provides an analysis of the average power delivered by the FB submodules
under idealized conditions. This analysis reveals the underlying conditions for power balance and hence
voltage regulation for FB submodule capacitors. Voltage regulation methods will then be developed based

upon the conclusions of power balance analysis.
3.1. Average Power Analysis
Assume that the number of submodules in each stage is sufficiently large and that all submodules are
balanced so that the converter output voltage is essentially sinusoidal. Therefore, the output phase voltage,
Vs, and phase current, 7,, are expressed as follows.
v, (1) = m%sin(wot)
i, (1) =1, sin(w,t—9) ¢e[-n/2,7/2]

where m is the converter’s modulation index, I, is the peak of phase current, ¢ is the phase difference

(1)

between voltage and current ( cos(¢) > 0 for inverter mode of operation), and @, is the fundamental angular

frequency. The average power absorbed by the ac grid is as follows.

P (m)=LJ.T0v (t)'i (t)dt=LJ.T°m Vac Sin(a) t)~[ Sin(a) t—(p)dt
grid TO 0o @ a TO 0 2 o m o
_ mVy 1, cos(p) ()
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The average power delivered by the main power stage depends on the voltage, v,m, and the phase
current, i,, at its terminals. Since the largest voltage crafted by the main power stage is Vy./2, the voltage
Vam 18 purely sinusoidal only when m < 1.0 and will be clipped at Vy4/2 when m > 1.0. Therefore, two
distinct cases are identified to calculate the average power delivered by the main power stage.

Case 1:m<1.0
For this case v, (t)=v,(¢) and as such v, (t)=v,(t)-v,,(t)=0; therefore, the average power

delivered by the main power stage is equal to the power absorbed by the ac grid:
Fon (1) = Fyia (m) =M (3)
Thus, the average power delivered by the FB submodules is P,(m) = Pgrig(m) — Pam(m) = 0, which means
for m < 1.0 the stack of FB submodules will not exchange any net real power with the ac grid and hence
will not experience any voltage deviations from their nominal value.
Case2:m>1.0
For this case, the voltage crafted by the main power stage will be clipped as shown in Fig. 2(a)
(shown for m = 1.2). Therefore,
+1 ifa)ote[a,zr—a]
Vam (t)=7~ -1 if a)ote[zz+a,27r—a] 4)

msin (a)ot) otherwise
where a = sin'(1/m). The resulting voltage across the stack of FB submodules is shown below.

msin(a)ot)—l ifa)ote[a,ﬁ—a]
Vi (£) = v, ()= vam (1) = ;°~ msin(wyt)+1 if o e[r+a,2r—al (5)

0 otherwise

In this case, the average power delivered by the main power stage and the stack of FB submodules are

respectively expressed as follows.

Fom (m):T_J.

0 Y0

" (1) (1)t
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Fig. 2. HC-MMC operation under ideal conditions
a. Voltage waveforms (Vam, v, and v,) with m = 1.2 under ideal conditions
b. Average power (P, Py, and Pgiq) as a function of m

According to the above analysis, Fig. 2(b) shows the variations of real power for the main power
stage and the stack of FB submodules (both normalized by the power absorbed by the ac grid, Pgrida(m)) as
a function of modulation index. For m > 1.0 the stack of FB submodules delivers real power to the ac grid,
thereby experiencing a net energy deficiency that will manifest as a FB submodule capacitor voltage

depression.

3.2. Capacitor Voltage Regulation Schemes for FB Submodules

The main reason for the FB-submodule capacitor voltage depression is that the main power stage
does not deliver enough average power to the ac network when the main power stage uses the same
voltage reference as the phase voltage and operates with m > 1.0. A method for FB submodule capacitor
voltage regulation using a trapezoidal PWM method is given in [24], and is briefly described in Section
3.2.1. However, this method suffers from the low-frequency harmonics embedded in its trapezoidal
reference, which yield a large THD (see Section 3.3). In view of this shortcoming, two new voltage-
regulation methods are proposed in Sections 3.2.2 and 3.2.3. The two proposed methods not only improve
the THD of v,y but also extend the linear operating range of the converter.

3.2.1 Trapezoidal PWM with variable slope: One method to compensate the energy deficiency in the
FB submodules is to use a slope-adjustable trapezoidal PWM for the main power stage [24], as shown in
Figs. 3(a) and (b), where verern and veave-n are the reference and average capacitor voltages of the FB
submodules in the active-filter stage. The detailed derivations based on the zero-net energy absorbed by
the stacked FB submodules are shown in [24]. However, [24] only analyzes the relationship between the

slope of the trapezoidal reference, kirap, and its equivalent fundamental component when kiap > 20/ 7 (i.€.,
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m>8/ ), for which the reference is trapezoidal. Note that for kir.p < 2@/ 7 (or m<8/ 7 ), the reference
becomes a triangular waveform with a peak below unity (see waveforms for m = 0.7 in Fig. 3(a)). The

expressions for the trapezoidal reference for these two cases are as follows.

Vo (1) =22 i <[0T AL/ T itk <2%.
o 2 |k (t-T,/4), t€[T,[4,3T, /4] -
ktrapt’ te |:0’ 1/ktrap :I U|:T;J _1/ktrap ’T;J:|
vam(t):VdC- ey (1=, /2 ey )s €[ T, /2= Vo T, /24 ki | 20 (8)
2 |, te[l/ktrap,n/zq/ktmpJ L
-1, te[ T, /24 ki Ty =V ki, |

According to the detailed analysis of the trapezoidal PWM method in [24], the relationship between

the converter modulation index, m, and the slope of the trapezoidal waveform, ki, 1s expressed as

5 if0<k <1

y ©)
m=

8—k2tsin(ij itk >1

2\ 2k

where & = ki, /(2a)0/7r). The relationship between k; and m is plotted in Fig. 4(a) based upon the
expression in (9). It is observed that the relationship between the control variable (k) and the modulation

index is nonlinear for m >8/z* with a maximum modulation index of 4/

3.2.2 Modified sinusoidal PWM with range extension: As seen from Fig. 2(b), for m > 1.0 the main
power stage does not deliver all of the average power required by the ac grid. To resolve this issue, the
modulation index of the main power stage is separated from the converter’s output-voltage modulation
index (m) and is denoted as mnew = m + Am as shown in Fig. 3(c) with mppx = 1, where myp, corresponds
to the peak value of the voltage crafted by the main power stage normalized by Vy/2. For m > 1.0, a
control system judiciously adjusts Am to ensure that the required real power is provided to the ac grid
entirely by the main power stage and not in conjunction with the FB stack.

The average power delivered by the main power stage (in (6)) must be recalculated using m,ew to
replace m. Then the power delivered by the FB submodules, which must be equal to zero for FB

submodule capacitor-voltage regulation, is as follows.
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be=Prid(m)_P (mnew)=0

g am

mV, I cos V..I_ cos Myy” —1
o Wanln ©05(0) Vsl c05()] Ao L, Si“_l( 1 J - (10)
4 2 Myew Mpew
2
2| AJm -1 _ 1
=>m=— — + Mypew S : ( j
T mnew mneW

The above expression obtained from the average power analysis readily demonstrates how to adjust
the modulation index for the main power stage, m,.yw, such that the power exchange with FB submodules is
zero, and thus their voltage remains regulated at the desired value.

Based on (10), Fig. 4(b) shows the relationship between m and both mypey and Am. A maximum

modulation index of 4/ is achieved and the linear range is extended to 1.0 (as opposed to the trapezoidal

method’s linear range of up to 8/ 7). A closed-loop control system for FB submodule capacitor-voltage
regulation based upon this concept is shown in Fig. 3(d) with muypx = 1, wherein Am augments m to form
Mpew- In general, 3™ harmonic injection can be used for the sinusoidal PWM method to further extend the
linear modulation index range. Figure 3(d) shows the proposed control system including 3™ harmonic
injection, where k34 denotes the proportion of the 3™ harmonic added to the fundamental component. The
value of ks is typically set to 1/6 in order to extend the linear range up to 1.15. Compared with the
trapezoidal PWM method, the proposed modified sinusoidal PWM method is capable of injecting 3™
harmonic into the reference voltages. In order to obtain balanced 3™ harmonic in the converter’s output 3-
phase voltages to eliminate the 3" harmonic in the line voltages, the amount of 3" harmonic injected is
calculated according to the converter’s modulation index (m) instead of #i,ey Since myey can be different
between phases due to the necessity of independent control of FB-submodule capacitor voltages for each

phase.
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Fig. 3. Trapezoidal and modified sinusoidal PWM methods
a. Reference waveforms under trapezoidal PWM
b.  Voltage regulator with the trapezoidal PWM
c.  Reference waveforms under the modified sinusoidal PWM (muypx = 1) and the mixed-submodule approach (mmypx > 1)
d. Voltage regulator with the modified sinusoidal PWM (M = 1) and the mixed-submodule approach (mmp > 1)

3.2.3 Mixed-submodule converter topology: To further extend the linear operating range of the HC-MMC
beyond the modulation index of 1.0, additional FB submodules are used in the main power stage in series
with each arm’s HB submodules. The linear range is extended because FB submodules can insert negative
capacitor voltages whereas HB submodules cannot. The capacitance (denoted as Cj,) and capacitor
voltage (denoted as V..q,) of these main power stage FB submodules are the same as those for the HB
submodules, i.e., Csn = Chp (shown in Fig. 1(a)) and Vefin = Ve = Vao/Nn. Assuming that the number of
FB submodules added to the main power stage per arm is Nsy, the minimum voltage crafted by the upper
arm in the main power stage will be Vp, = -Npn Veofim = -Nim* Vae/Nh if all FB submodules in the upper arm
are inserted with negative capacitor voltages and all HB submodules are bypassed. Thus, the peak voltage
of the main power stage voltage is Vic/2 - Vpa = (1+2Ngw/Np)- Vi/2, resulting in an improved main power

stage clipping level of mmpk (= 1+2N5n/Ny) as shown in Fig. 3(c) instead of unity as shown in Fig. 2(a).

Table 1 shows the voltage levels of the mixed-submodule converter with N, = 6 and Ny, = 1, where
each level is equal to the nominal submodule-capacitor voltage (V4./6). In Table 1, the voltage levels for
vpa and v, reflect the number of inserted submodules from the upper and lower arms, respectively, and the

negative number indicates the required number of FB submodules inserted with negative capacitor
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voltages. From Table 1, it is observed that the peak value of v,y is at 4V4./6, which is consistent with
(1+2Ng/Np)- Vao/2. Furthermore, the equivalent inserted number of submodules with positive capacitor
voltage is always Ny, for all possible voltage levels of vay,. This indicates that the operating mechanism that
ensures NV, submodules are inserted for each pair of upper and lower arms is still maintained for the mixed-
submodule converter. Therefore, the sorting and rotating method can be used to ensure that the HB and FB
submodules in the main power stage of the mixed-submodule converter can be balanced and regulated at

their nominal value (Vg./Np).

Table 1 The voltage levels for the mixed-submodule approach with N, = 6 and Ny, = 1

Voltage level of vp, -1 0 1 2 3 4 5 6 7
Voltage level of vy, (=V4/2-Vp,) 4 3 2 1 0 -1 -2 -3 -4
Voltage level of v, (5V4e/24Vam) 7 6 5 4 3 2 1 0 -1
Equivalent inserted # of submodules 6 6 6 6 6 6 6 6

Note: Each voltage level is equal to the nominal submodule-capacitor voltage (V4./6).

Based upon the above analysis for the mixed-submodule approach, the voltage v, is purely
sinusoidal when m < myy and clipped to iy when m > mypi. Similar to the analysis in Section 3.1, vy

and vy, are as follows:

if ot e [a,ﬂ'— a]

mpk
vam(t):%- My if oyt €[z +a,2r-a] (11)
msin(w,t) otherwise
msin(a)ot) —my ifoye [a,ﬂ —a]
Vi (1) =v, (1) = vam (¢) = %~ msin(wyt)+my,  ifoge[r+a,2r—al (12)

0 otherwise

where o= sin'l(mmpk/m) and m > mpypk. The average power delivered by the main stage is:

B (m):T_J.

0

B Vam (¢) 1, () dt

[ miesin(6)-1, sin(0-p)d0+ | 2251, 5in(0-p) a0+ [~ mLiesin(6) 1, sn (9~ p) 0
_ « 2 e 2 (13)
2T 2r-a VC X 2z VC . .
+L+a S— ; .Ims1n(9—¢)d9+.[2”_am ; sin(8)- 1, sin(0—¢)do
_ Vel m €08(9) My m* —mmpk2 LY
2 m Mypk m

Similar to (7), the average power delivered by the stack of FB submodules is desired to be controlled to be

zero by the modified sinusoidal PWM method when m > my, then:

10
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Py = Pyig (m) = Py (Myeyy ) =0

g am

2 2
mVgeln c05() _ Vaclm cos () Monpk | \"new ~ Mmpk 4 Mhew i1 (mmpk ] =0

4 2w m (14)
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T m m m
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Fig. 4(c) illustrates the relationship between m and Am (= myew - m) with different mypk, and shows
that the maximum modulation index is equal to (4mmpi/77) and the linear range is extended to muypk. The
ratio of the HB and FB submodules in the main power stage of the mixed-submodule converter is chosen
according to the expected linear operating range of the system, i.e., the value of myp. For example, if 5%
additional FB submodules are added to the main power stage, i.e., Nu/Np = 0.05, the linear range of the
converter will be extended by 10%. In general, addition of any submodule must be done according to cost-
performance tradeoffs.

Similar to the modified sinusoidal PWM method, the closed-loop control system for the FB-
submodule capacitor-voltage regulation is shown in Fig. 3(d) with mppx = (1+2Ngn/Ny). If 3™ harmonic
injection is used, the linear modulation index can be extended to 1.15myp. In summary, as seen from Fig.
4, both the trapezoidal and modified sinusoidal PWM methods have a maximum modulation index of 4/,
whereas the mixed-submodule approach has a higher range up to 4mp, /7. The linear modulation range
becomes progressively larger from 8/ (trapezoidal) to 1.0 (modified sinusoidal) and to mpp (mixed-
submodule). If 3™ harmonic injection is used the linear ranges of the modified sinusoidal PWM and the

mixed-cell approaches may be increased by an additional 15%.
3.3. THD Analysis of the Main Power Stage Voltage (Van)

As described in Section 3.2, the discussed voltage-regulation methods adjust the voltage reference
for the main power stage (Vretmain), Which directly influences the filtering burden of the active-filter stage.
In order to evaluate the filtering burden of the FB submodules, the THD of the voltage crafted by the main
power stage (vam) is analyzed for the different presented voltage-regulation methods. In general, the THD

of a periodic waveform is defined as follows.

2
rms -1
Vlrms] (1
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where Vs and Vi are the root mean square (RMS) of the waveform and the A-th harmonic component,

respectively.

For the trapezoidal PWM method, the RMS values of the trapezoidal waveform (expressed in (8))

and its fundamental component are as follows.

Vtrap_rmsz = iJ.]:)/z Vam (l‘)2 dt

T, Jo
. /2 2 2
i-j (Ehejde+ ”(—Ekdﬁ—nﬁﬂ)dﬁ . if 0<k <1
r|do \x 72\ & 3 (16)
- 1 I 72k (D 2 —7)2k, 5 z 2 2 2
—-I Zk0| do+ 1d9+j Lk (0-m+7/2k)| dO|=1-— ifk, >1
7| Jo T 7/ 2k, -7 2k \ 7T 3k,
1 2 L2 _i 1 72 )
4 = t)e % dt = — 0)e?do
trap_lrms \/E T, .[0 Vam( )e \/572' -[0 Vam( )e
8k, .

W if 0< kt <1 (17)

B n| | itk 1

\/Eﬂ g 2k

Thus, the THD of v, under the trapezoidal PWM method is readily obtained as follows.
4
: Z_1%12115%  if0<k <1
THD _ Vtrapirms 1= 96 18
trap v 2 4(3k —2 (18)
trap _lrms T ( t ) 1 i
ER) -1 ifk >1
96k, sin® (77/2k,)

For the modified sinusoidal PWM methods, the RMS values of the waveform (expressed in (11))

and its fundamental component are as follows.

2 (%2 2
Vin s = —I Vam () dt
sin_rms ];) 0 am

2 2
m m .
] -5
19)
= 2 2 2
m m
k m .- k m .
| | | Y| —2 [sin 1{ - J— B = i ey > M
7 mmpk Myew mmpk
12

IET Review Copy Only



Page 13 of 22 IET Generation, Transmission & Distribution

Thisarticle has been accepted for publication in a futureissue of thisjournal, but has not been fully edited.
Content may change prior to final publication in an issue of thejournal. To cite the paper please usethe doi provided on the Digital Library page.

1 2 L2 _; 1 72 .
Viin 1rms = ——="— Vum (£)e J“"”dt:—J. v (0)e?do
e 2 [ e [P0
mﬂeW :
if my,, < Mk
V2 20)

= 2
N2m m m
'mpk 'mpk m .- 'mpk .
=L PE || e | in ! P i Mgy > My
T Myew mmpk Myew

where mpyp > 1. Therefore, the THD of vay, with the modified sinusoidal PWM method is as follow.

5 0; ifmye,, <mpo
THD.. = Vsin_rms 1= X (2 1)
sin — 2 T T 1 .
Vi 1 ——=1; ifmy, >m,,
sin_lrms 2 K2 new mp!
where K; and K, are
2 2
K =+ |l | 2 lsin™! (mmp“ J _ ) Poew |y
mmpk Myew mmpk
2 (22)

K, = l{MJZ +[mni]-sin1 (mmpk]
Mpew Minpk Mpey
Note that when mpp = 1, (21) shows the THD of v,y in the normal HC-MMC, i.e., one without any
FB submodules added to the main power stage; when mpypk > 1, it shows the THD of v, in the HC-MMC
with mixed-submodule approach wherein a number of FB submodules are placed in the main power stage.
Further, combining the THD expressions (shown in (18) and (21)) with equations (9) and (14), the
relationships between THD with the converter’s modulation index, m, can be established.
Fig. 4(d) shows the THD of v,y with these three different voltage-regulating methods. As seen from
Fig. 4(d), the trapezoidal PWM method has much higher THD due to the low-frequency harmonics
embedded in its reference waveform even under idealized conditions, whereas the modified sinusoidal
PWM method is devoid of harmonics under idealized conditions when m < 1.0, and has markedly lower
THD when m < 1.1. For modulation indices larger than approximately 1.1, these two PWM methods have
nearly identical THD. Thus, the modified sinusoidal PWM method has advantages over trapezoidal PWM
in both extending the linear range of the converter operation, and generating less harmonic content.
Additionally, the THD for the mixed-submodule approach is lower than both the trapezoidal and the
modified sinusoidal PWM methods.

13
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Fig. 4. Comparison of the regulation schemes

a. Trapezoidal PWM method: k(m)

b. Modified sinusoidal PWM method: mye,(m) and Am(m)

¢. Modified sinusoidal PWM method with mixed submodules: Am(m) for different myp
d. THD of voltage v,

4. Experimental Verification
A downscaled laboratory setup shown in Fig. 5(a) is used to verify the ability of the discussed

methods for regulating the active filter stage’s FB-submodule voltages. Table 2 shows the laboratory setup

specifications. The laboratory setup is controlled via a real-time digital simulator (RTDS) and feeds a

passive RL load.
Table 2 Specifications of the experimental HC-MMC hardware
Parameter Nominal value
Base frequency 60 Hz
DC voltage 120V

No. of submodules

Submodule capacitance
Submodule capacitor voltage

For the mixed-submodule approach
Arm inductance

Load

Carrier frequency

HB: 6/arm; FB: 3/phase

HB: 4.7 mF; FB: 1.0 mF

HB:20 V; FB: 20 V

FB: 1/arm; 4.7 mF and 20 V per submodule

2.2 mH

57Q and 0.23 H

main power stage: 540 Hz; active filter stage: 1620 Hz
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Fig. 5. Prototype of HC-MMC and experimental results with different voltage regulation methods and steady-state waveforms
form=09andm=1.2

a. Prototype of the downscaled HC-MMC

b. Trapezoidal PWM method

¢. Modified sinusoidal PWM method

d. Modified sinusoidal PWM method with mixed submodules
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The experimental waveforms using the trapezoidal and modified sinusoidal PWM methods are
shown in Fig. 5(b) and (c) respectively and the experimental results for the mixed-submodule method are
shown in Fig. 5(d). Fig. 5 shows that the average capacitor voltage tracks the reference well for all
presented methods. For the modified sinusoidal PWM method (Fig. 5(c)), the control variable Am is
nearly zero for m = 0.9 (within linear range). It becomes a positive value when m = 1.2 (within nonlinear
range) in order to force the main power stage to compensate for the power delivered by the FB
submodules which in turn maintains the FB-submodule voltage. To further demonstrate the regulating
effect of Am, the PI controller is deactivated momentarily as shown in Fig. 5(c) for m = 1.2. This causes
the average FB-submodule capacitor voltage to drop, which is consistent with the analysis in Section 3.1.
Upon reactivation of the PI controller, the submodule capacitor voltages are restored to their nominal
value (20 V). As seen from 4(d) for the mixed-submodule approach, the variable Am remains negligible
even for the modulation index of 1.2 (compared with Fig. 5(c)), and the average capacitor voltages of the
FB submodules in the active filter stage remain tightly regulated around their nominal value (20 V) while
undergoing dynamic variations. This occurs because insertion of one FB submodule in series with the
existing 6 HB submodules in each arm extends the linear range to approximately (1+2x1/6)=~1.333. In
addition, as seen from the steady-state waveforms of v,, and v, shown in Figs. 5(b), (c) and (d), the
individual voltage steps of both v,,, and v, are approximately the nominal value (20 V). Therefore, it can

be concluded that the submodule capacitor voltages are well balanced.

5. Simulation-Based Case Study
A large point-to-point HVDC transmission system with a LCC rectifier and an HC-MMC inverter,

shown in Fig 6(a), is used for EMT-based studies of the presented regulation schemes of Section 3.
System parameters are given in Table 3 and Fig. 6(a). The dc-side parameters are adopted from CIGRE
HVDC Benchmark [26] and modified for a metallic return.

Table 3 HVDC system specifications

Parameter Nominal value

Rated power 500 MW

AC grid voltage rectifier: 120 kV; inverter: 230 kV

Base frequency 60 Hz

DC-link voltage 500 kV

DC current 1 kA

No. of submodules HB: 100/arm; FB: 50/phase

Submodule capacitance HB: 5.0 mF; FB: 1.0 mF

Submodule capacitor voltage HB: 5 kV; FB: 5kV

For the mixed-submodule approach ~ FB: 5/arm; 5.0 mF and 5 kV per submodule
Arm inductance 0.05H

Carrier frequency main power stage: 540 Hz; active filter stage: 1620 Hz
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Fig. 6. LCC-HC-MMC transmission system
a. Schematic diagram
b. HC-MMC'’s decoupled controller + FB submodule voltage regulator

5.1. Steady-state Operation

The LCC’s controller maintains the dc-link voltage, whereas the HC-MMC controls the active
power and the ac voltage magnitude using decoupled control [27]. Simulation results are shown for both
the trapezoidal and modified sinusoidal PWM methods. These methods are implemented for each
converter phase independently, although a single-phase version is depicted in Fig. 6(b) for brevity.

Fig. 7(a) illustrates the system’s response to reference variations. The power-order changes from 1.0
puto 0.7 pu at 5 s and back to 1.0 pu at 7 s; the voltage-reference changes from 1.0 pu to 1.2 pu at 9 s and
back to 1.0 pu at 12 s. It is observed that the system accurately tracks the references with reasonable

transient behaviour. Additionally, the HC-MMC modulation index is =0.954 for 1.0 pu voltage magnitude

reference and ~1.154 for 1.2 pu.
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Based on the same reference changes, simulation results for the trapezoidal PWM, modified
sinusoidal PWM, and mixed-submodule approaches are shown in Fig. 7(b), (c) and (d), respectively. As
seen from Fig. 7(c), it is observed that with the modified sinusoidal method, the required adjustment of the
main power stage’s modulation index (Am) is approximately zero when the HC-MMC operates with m =
0.954 (voltage reference = 1.0 pu), and increases to 0.2 when m = 1.154 (voltage reference = 1.2 pu). In
addition, the average capacitor-voltages of the active filter stage FB submodules are tightly regulated to 5
kV as desired. Since harmonics are introduced for operation with m > 1.0 and must be filtered by the FB
submodules, the average capacitor voltage of the active filter stage FB submodules have larger ripple
compared with m < 1.0.

In comparison, the trapezoidal PWM method always introduces low-order harmonics in the main
power stage voltage, and as such the ripple of the average capacitor voltage of FB submodules is larger for
modulation index of 0.954 as shown in Fig. 7(b) compared to Fig. 7(c) for the modified sinusoidal PWM
method and Fig. 7(d) for the mixed-submodule method.

The HC-MMC is also simulated with combined HB and FB cells in the main power stage. Five FB
submodules are added to each arm in the main power stage, corresponding to a 5% increase in the
submodule count and a 10% increase in the linear range. Fig. 7(d) shows that the required Am to produce
an output voltage of 1.0 pu (for £ < 9.0 s) is negligible with the modulation index of 0.954, and is far less
than the adjustment in Fig. 7(c) for modulation index of 1.154 due to the extended linear range. The ripple
of the FB-submodule average capacitor voltage (Fig. 7(d)) is smaller than the HC-MMC with only HB

submodules in the main power stage due to the reduced harmonic contents of the main power stage voltage.
5.2. DC-fault Performance

A pole-to-pole fault in the middle of the dc transmission line is applied at = 5 s for 0.1 s. During the
fault, the LCC employs forced-retard [28] while the HC-MMC is blocked and its power-order is reduced
to zero. Upon dc-fault clearing, the system resumes normal operation by ramping the power-order to the
pre-fault value (Fig. 8(b)) and de-blocking the HC-MMC. As illustrated in Fig. 8(a) the rectifier-side dc
current rapidly decays to zero due to LCC’s forced-retard operation. The inverter-side ac currents are
decreased quickly to zero due to the FB-submodule’s ability to block the fault current as shown in Fig.
8(c). The dc current at the inverter side has a rapid initial decrease; it then circulates between the converter
arms and the dc network and decays due to the line resistance. After fault clearance, the system restarts

and the capacitor voltages are quickly restored to the required value (5 kV) as shown in Fig. 8(d).

19

IET Review Copy Only



IET Generation, Transmission & Distribution Page 20 of 22

Thisarticle has been accepted for publication in a futureissue of thisjournal, but has not been fully edited.
Content may change prior to final publication in an issue of thejournal. To cite the paper please usethe doi provided on the Digital Library page.

3.0 1.2

2.0 ) 1.0 -
1 .
1.0 { i — 0.8 /
= 0.0 L. = 0.6 /
&-1.0 & 04
2.0 ; e 02 /
3'0 ; iy 0'0 /—— Active power
-4'0 1 == g 0'2 1 -----AC voltage magnitude
4 4.5 5 5.5 6 6.5 7 7.5 8 4 4.5 5 5.5 6 6.5 7 7.5 8
Time [s] Time [s]
a b
%.0 7.0
)
1.0 6.0
< 05 = 5.0 momema {\W
= 0.0
£-0.5 = 4.0 B ave(HB:top)
~-1.0 30 = === Veao(HB.btm)
-] o) 0 I A B I TE T ca\'g(FB
-2.0 . . . . . 2.0
4 4.5 5 5.5 6 6.5 7 7.5 8 4 4.5 5 5.5 6 6.5 7 7.5 8
Time [s] Time [s]
c d

Fig. 8. Inverter response to a dc fault

a. DC voltage and current

b. Active power and ac-voltage magnitude
c. Three-phase current

d. Average capacitor voltages

6. Conclusion
This paper presented an analysis of the average power for the HC-MMC. It showed that regulation
of the FB capacitor voltages requires modifications to the main power stage’s control scheme. Three

methods for voltage regulation were presented. The trapezoidal PWM method was shown to have a

relatively small linear range ( m<8/7”> ~0.81) and excessive harmonic distortion. The modified
sinusoidal PWM method had an extended linear range (m < 1.0 or 1.15 with 3™ harmonic injection) and
reduced harmonics in the linear range. A third method that involved addition of FB submodules in the
main power stage was introduced, which further extended the converter’s linear range (and with reduced-
harmonics) in conjunction with the modified sinusoidal PWM method. The latter two methods allow the
HC-MMC to be operated in an extended linear range with improved dc-link utilization and negligible
harmonics. The paper also presented a detailed analysis of the harmonics generated by these methods in
the form of THD figures. This is an important consideration in grid-connected operation of this converter
and has wide practical benefits.

Experimental results on a scaled laboratory setup verified the efficacy of the proposed regulation
methods. Extensive EMT simulations further displayed the operation and functionality of the proposed

active filter stage voltage regulating methods of the HC-MMC in a large transmission system.
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