Chapter 5

Five-level Dual-Output Active

Neutral Point Clamped Converter

5.1 Background

To further reduce the switch count of previously discussed FLSDO converter, a five-level
dual-output active clamped neutral point clamped (5LDO-ANPC) converter is introduced
in this chapter. 5LDO-ANPC also overcomes the major drawback of [20, 21, 23, 25, 26,
28, 73], reduced operating (boundary) region due to the unavailability of a few switching
states. This topology achieves a lower number of power switches than the conventional
five-level ANPC and FLSDO, while providing independent operation of dual three-phase
loads without constraining modulation index or phase-shift. A mathematical model of the
converter is developed and integrated into a multiobjective finite control set model pre-
dictive control (FCS-MPC) algorithm. FCS-MPC effectively controls the two independent
three-phase load currents while ensuring balanced voltages across the DC-link and flying

capacitors. The performance of this converter is improved through FCS-ANPC.

5.2 Five-Level Dual Output Active Neutral Point Clamped
(5LDO-ANPC) Converter

The three-phase circuit configuration of the proposed 5LDO-ANPC converter is shown in
Fig. 5.1.
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FIGURE 5.1: Proposed five-level dual output active neutral point clamped (5LDO-ANPC)
converter.

5.2.1 Topology of 5LDO-ANPC

The 5LDO-ANPC produces two sets of output voltages and offers complete independent
control of its output terminals. The converter consists of 36 semiconductor switches, two
DC-link capacitors, and six flying capacitors. The DC-link and flying capacitors (FCs)
are charged to “Vy./2” and “Vy./4”. This flying capacitor is employed with the three-level
converter as needed, thereby introducing two additional intermediate output voltage levels
for both output terminals. The single-phase 5LDO-ANPC converter consists of 12 switches
(Sz1 to Sz12), two DC-link capacitors (C1, Cq) and two flying capacitors (Cys, Cy4). The
input DC-link voltage V. is connected across the series connection of capacitors C7 and
C5. Out of these twelve switches, four are inner switches, and eight are outer switches

(1)

per leg which are S;1, S7;, Sy2, Siy and Sy3, Shs, Sza, Shy, Szs. Shs, Sze, She where “x

xT

mentioned in the following part is, all x € {A, B, and C}.

ABB has added the active neutral-point clamped (ANPC) five-level topology to their
medium-voltage (MV) drive portfolio as the advancement [78]. Similar to a conventional
five-level ANPC (C5L-ANPC) in [78], 5LDO-ANPC also provides a full region of operation.
It can drive two three-phase loads simultaneously. The elegance of this converter is that it

has four fewer switches per leg than C5L-ANPC required to drive two loads simultaneously.
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FIGURE 5.2: Various operating states of the proposed 5LDO-ANPC. (a) v,1= 0 and v,
= Vie/4. (b) vy1= Vie/2 and vgo= -V /4. (¢) ve1= -Vie/2 and vy0= 0.
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To drive a six-phase machine or two three-phase loads, the C5L-ANPC requires 48 switches
[76], whereas the 5LDO-ANPC only needs 36 switches. Table 5.1 details the number of
switches, devices, and operating regions for the 5LDO-ANPC with five-level dual output
topologies. Compared to other topologies, the 5LDO-ANPC offers advantages in terms of

reduction in component count while providing a full region of operation.

5.2.2 State of Operation

Each leg in the proposed converter consists of four inner and eight outer switches. The
output voltages v;1 and vo are distinct values obtained from the combinations of the inner
and outer switches with respect to the neutral point. These voltages are derived from the
input-side voltage, the levels are Vy./2, Vy./4, 0, -Vy./2, -V4./4. The voltages v, and v,
correspond to the phase voltages of the two outputs, while i, and ;0 represent the load
currents for each output. For the single-phase configuration of the proposed topology, the

few operating states are illustrated in Fig. 5.2(a)—(c) and described as follows.

5.2.2.1 State of Operation 1

Switches S, Slo, Sz3, Sz, Sh5, and Sge are turned ON, allowing current to flow between
the DC-link and the loads, as illustrated in Fig. 5.2(a). In this state, the terminal voltages
vy1 and vy are 0 and V. /4, respectively. The blocking voltages across switches S;1, Sy2,
Sla, Sty Sus, and Shg are Vie/2, Vae/2, Vae/4, Vac/4, Vac/4, and Vy./4, respectively.

During this state, capacitors C7, C, and Cys retain their previous voltages, while Cyy

discharges.

5.2.2.2 State of Operation 2

Switches Sg1, Sz2, Suz3, Sz4, Shs, and Sge are turned ON, allowing current to flow between
the DC-link and the loads, as illustrated in Fig. 5.2(b). During this interval, the output
voltages v;1 and v, are Vy./2 and -Vj./4, respectively. The voltage stress across switches

T 1 Sty Sha, Sy, Sus, and Slg are Vae/2, Vae/2, 3Vae/4, 3V /4, and V. /4, respectively.
In this state, capacitor C7 and C,4 discharges, Cy charges, while C,3 retain its previous

voltage.
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5.2.2.3 State of Operation 3

Switches SV, Sz2, Sks, Sk, Sazs, and Sy are turned ON. As shown in Fig. 5.2(c), the
current flows between the DC-link and the loads. During this interval, the output voltages
vy1 and vz are -Vy./2 and 0, respectively. The voltage stress across switches Sy1, Sk,
Sz3, Sza, Shs, and Slg are Vie/2, Vie/2, Vae/4, Vac/4, Vae/4, and V. /4, respectively. In

this state, capacitor Cy charges, while C1, C,3, and C,4 maintain their previous voltages.

The maximum blocking voltage of the switch in the 5SLDO-ANPC converter is 3Vy./4.
Table 5.2 provides the maximum voltage and current stress values of each switch in the
5LDO-ANPC converter. The possible switching combinations for this converter are shown
in Table 5.3. For simplicity, the switching states are represented in decimal format. These
states can be converted to binary to generate the corresponding switching signals. For
example, state (28)1¢ is equivalent to (011100)2, where each bit represents the switching
signals Sy1, Sz2, Sz3, Sz, Szs, and Syg, respectively. There are 25 valid states for con-
trolling the converter, many of which include redundant combinations. These redundant
states can be utilized to reduce the average switching frequency of the devices, thereby
minimizing dynamic power losses and balancing both the DC-link and the flying capaci-

tors.
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TABLE 5.2: Maximum voltage and current stress on each switch of the 5LDO-ANPC.

S.No. | Switches | Max voltage stress | Max current stress
1 Szl Vdc/2 le + I;L’Q
2 ;1 Vae/2 I+ 10
3 Sz2 Viae/2 Iy + I
4 ;/;;2 Vdc/2 le + I:I:Q
5 Sz3 3Vae/4 11
6 '3 3V /4 I
7 Sz4 Vie/4 I
8 " Vae/4 I
9 S:chi 3‘/dc/4 I
10 e 3V /4 I
11 S:Jc6 Vdc/4 I
12 S Vae/4 I
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5.2.3 Operating Region

Most dual-output converters minimize device count and overall size; however, they en-
counter a significant limitation in their operating region. The unavailability of certain
switching combinations restricts the modulation indices of the converter. For the opera-
tion of a dual output converter, two reference signals are required to generate switching

signals. For three-phase operation, the reference signals for the A, B, and C phases are:

UrefAj(t) = mJSZTL((U]t —+ 9])
UrefBj(t) = mjsin(wjt — 27r/3 + QJ)
Urefcy(t) = mysin(w;t + 2m/3 + 6;)

. Where j = 1,2 and m; is the modulation index in the range of 0 to 1, w; = 27 f; is the
fundamental angular frequencies, ¢, are the initial phase angles. In reduced switch count
dual output converters such as NSI, NPP, RSC-DT (DO-T-TLC) and DO-NPC-TLI, the
upper reference signal should be greater than the lower to prevent invalid switching states.
Therefore, DC offsets are added into two sets of reference signals. For instance, the NSI
imposes the condition that v,cf1 > vyef2 at all times [70]. In the case of (1) NPC-DO [26],
many operating states requiring neutral or zero are unavailable, (2) NPP has only half of
the operational region and imposes the same condition as that of NSI [21], and (3) CMOM
and modified CMOM do not have a complete operational region [27, 28]. In contrast,
5LDO-ANPC does not face this limitation; despite having a reduced switch count, it
retains all the voltage states characteristic of a conventional five-level ANPC. This section
analyzes and explores the region of operation of 5LDO-ANPC. Fig. 5.3 offers a graphical
depiction of the switching states outlined in Table 5.3. The graph illustrates the possible
voltage levels at the v;; and wv,o output terminals. This representation helps to clarify
the converter’s boundary region. The entire area enclosed by the voltage states represents
all configurations of the voltage reference signals that can be utilized. Consequently, an
output voltage ranging from -0.5 to 0.5 V. corresponds to variations in the reference
signal. Based on the boundary region shown in Fig. 5.3, there are no restrictions on one
output reference signal with respect to the other for 5LDO-ANPC. Both reference signals

operate independently of each other.
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FI1GURE 5.3: Graphical depiction of the region of operation and switching states.

5.2.4 Modes of Operation of 5LDO-ANPC

For the independent operation of a dual output converter, two operating modes are classi-
fied based on the modulating frequency of two outputs: common and different frequency
(CF & DF) modes. A dual-output converter should be capable of operating independently
at both CF and DF modes. The operation of the 5LDO-ANPC converter in CF and DF

modes is detailed as follows.

5.2.4.1 Common Frequency Mode

The common frequency (CF) mode refers to the scenario where both outputs of the inverter
operate at the same frequency. Within this mode, there are two variations: one with phase
shift and one without. The converter is operated in CF mode with varying modulation
indices (m;2) and a phase shift (¢ ), where ¢ = |0 - 01|. Let fi = fo = f and 0; = 0 =
¢ = 0, this for CF mode without phase shift. Fig. 5.4(a) shows the projection of reference

signals onto the boundary region at m; = 1, me = 0.9, and f; = fo = 50 Hz.

CF mode with phase shift is when, fi = fo = f and 61 # 6. The phase angle shift, ¢ =
|62 - 61] between the two sets of output phase voltages. Fig. 5.4(b) shows the projection of
reference signals onto the boundary region at my = ms = 0.9 and f; = fo = 50 Hz with a

phase shift of 30° and Fig. 5.4(c) shows the projection of reference signals in the boundary
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region at m; = mo = 0.8 and f; = fo = 50 Hz with a phase shift of 60°. The reference
signals vyera1 and vpcra2 of phase A are operated with modulation indices between 0 and
1. As it can be observed, there is no phase angle restriction in this case. Applications
of the CF mode are grid-tied inverters, UPS, UPQC systems, motor drives, etc. A phase

shift between two outputs is significant when operating multi-phase motors [71].
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FIGURE 5.4: Projection of reference signals onto the 5LDO-ANPC converter’s boundary
region under (a) CF with m; = 1, mg = 0.9, (b) CF with m; = mg = 0.9 and phase shift
of 30°, (c) CF with m; = mg = 0.8 and phase shift of 60° (d) DF with m; = mqs = 1.

5.2.4.2 Different Frequency Mode

Different frequency (DF) operation in an inverter typically refers to the ability of the
inverter to generate two output voltages at different frequencies (f1 # f2); consequently, its
currents are different. The converter can operate in DF mode at various load frequencies.
The projection of reference signal onto boundary region for m; = mo =1 and f; = 100 Hz,
f2 = 50 Hz as shown in Fig. 5.4 (d). There is no restriction on the modulation index, and
the SLDO-ANPC converter can operate with any value of f; and fy. This is a significant
advantage compared to other reduced switch count dual-output topologies. Most of them
have constrain of 0 < mj + mg < 1 while choosing modulation indices of two outputs.
The reference signal v,.r42 is always smaller than the lower carrier for maintaining this

constraint in different frequency modes. As a result, they provide reduced voltage levels.
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Low modulation indices reduce the levels in both phase and line voltage. However, 5LDO-
ANPC topology has no such restriction; with this advantage, it can generate the exact value
of output voltages as that of conventional five-level ANPC. Different frequency operations
find applications in more electric aircraft (MEA), limited to 400 Hz, dual motor variable
speed drives (VSDs) operated at frequencies rated at 50Hz/60Hz, etc. Dual motor drives

are also utilized in all-terrain electric vehicles (ATEVs).

5.3 Finite Control Set Model Predictive Control (FCS-MPC)
of SLDO-ANPC

FCS-MPC is effective at addressing multi-objectives and constraints of non-linear systems.
With this approach, the converter’s two independent three-phase load currents closely
follow the reference signals while ensuring balanced voltages across the DC-link and flying
capacitors. Additionally, the approach allows system nonlinearities and constraints to

integrate seamlessly into the controller design.

5.3.1 Mathematical Model of 5LDO-ANPC
5.3.1.1 Continous Time Model

From Fig. 5.1, the dynamic equations of two outputs and capacitors in a continuous time

model are derived as follows.

digj(t)  [vaj(t) —izj(t)Raj] dvgi(t)  ici(t)

_ = 1

dt Ly, Todt C; (5.1)

dvca:?)(t) _ icz?)(t) dvc:cél(t) _ icm4(t) (5 2)
dt Cps ' dt Cus '

In this context, v,; represents output voltages of the converter at 4 port (where j=1, 2),
icj denotes the currents flowing through the DC-link capacitor C}, icy3 and i..4 are the
current through flying capacitors. Here, “x” refers to all x € {A, B, and C}. According

to the relationships outlined in Table II, the output voltages v,1 and v,2 can be expressed
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in terms of the capacitor voltages ve1, V2, Vers and vegq, as well as the switching signals:

V1 (t) = ver (1) Sz () Sa3(t) — Uc2Sx2(t)( Sa3(t))—

Ve (1) (Sz3(t) — Sza(t)) (5:3)
Va2(t) = Ve () S21 (£) S5 () — veaSa2(8)(1 = Sas(t))—

Vera(t)(Sa5(t) = Ses(t)) (5-4)

Similarly, the capacitor currents can be expressed in terms of the output currents and the

switching signals:

ier () = 3 (=51 (8) (Sus ()i (k) + Sus(ia(®)) ) (5.5)
ica(t) = D (Saa(t) (Sta(®ian (k) + Sts (1)in2(0)) ) (5.6)
ich(t) = (Sx3(t) - Sx4(t))ix1 (t) (5-7)
Z'czr:4(t) = (Sx5(t) - SafG(t))i:cQ(t) (5.8)

5.3.1.2 Discrete-time model

Using the Euler method, transforming the output current and capacitor voltages of continuous-

time equations into their discrete forms as follows:

ing (k4 1) = i (K)ray + Tzfj(k) (5.9)
DC-link and flying Capacitor :
vej(k + 1) = vej (k) + Bjic; (k) (5.10)
Vea3(k + 1) = veas (k) + Busicas (k) (5.11)
Vewa(k + 1) = veza (k) + Braicaa (k) (5.12)
where, ag; = (1 — TSR””) B = Cj_ , Baz = 3, Bea = S ~ and T is sampling period.

The state-space model of the converter in discrete form can be represented as follows,

zz(k+ 1) = Azy (k) + Bu(k) (5.13)
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where,

2a(]) = [ia1 () ieak) va(k) vealk) veas(k) vewa(R)]
[ S (K)Sas(k) |
Sﬂ(k)s;c?)(k)
Spa(k) — Spa(k
ug (k) = (k) = Saa(k) (5.14)
Su1(k)Szs (k)
SwQ(k)S;cE)(k)
Ses (k) — Seo(k)

A, = diaglog, age,1,1,1,1]

. I

¢ 0
B —B1iz1 0 0 —Brize 0 0
x . .

0 B2iz1 0 0 B2iz2 0

0 0 Bu3izl 0 0 0

0 0 0 0 0 Braiz2

5.3.1.3 Control target

For optimal converter operation, the output currents must track the specified reference
signals, and the DC-bus and flying capacitor voltages should be maintained at Vj./2 and
Vae/4. Thus, the desired reference zJ(k + 1) can be given as follows:

T
Z(k+1) = ligtef(k+1) iagpe(k+1) % % % %]

where, igjref(k+1) is the reference current. For A-phase igjref(k+1) = L4 (sinw;(k+1)+
¢j) and 145, wj, ¢; are the amplitude, angular frequency and phase angle of the reference
current at port j. The system state predictions can be obtained by directly evaluating the
nonlinear system for each possible switching combination. Each predicted state is then

assessed using a quadratic cost function Jy,(k):
Jen(k) = exn(k + 1) Qepn(k 4 1) (5.15)
where ey, (k+ 1) = zon(k + 1) — 225, (k+ 1) and @ is weighting matrix represented as

Q = diag[/\xl, )\;EQ, )\3, /\4, )\x5> )\mﬁ] (5.16)
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where A1, Az2, A3,A4, Azs and Mg serve as weighting factors for current, dc-link and
flying capacitors respectively. They minimize tracking errors and achieve uniform tracking
performance. The optimal switching combination is then calculated by minimizing the cost

function, expressed as follows:
st (k) = arg{minJ,(k)} (5.17)

The block diagram in Fig. 5.5 summarizes the FCS-MPC.

Reference Generation Z*(k+1) | Minimizing Cost| Sx™ (k) | —
(Discrete Signal Generator) Function Onverter
tt ttttt
hvdcjw le “ Ix2]M¢x1 d)xgh (!)xmﬁ)xz Zx(k+1)
Z (k)

Predictive | -
' Model

F1GURE 5.5: Block diagram of the FCS-MPC algorithm.

5.3.2 DC-Link and Flying Capacitor Voltage Balance

There are two DC-link and six flying capacitors for a three-phase configuration. According
to Table 5.3 and by considering Fig. 5.1. The deviation between the capacitor voltages
will cause an unbalanced output voltage. Thus, the voltage of Cy, Co, Cys, Cyrq needs to
be balanced. From the Table 5.3, for (iz1 > 0), (iz2 > 0) it can be seen that capacitors will
charge, discharge, and bypass depending upon state numbers listed in the table. For 5LDO-
ANPC several redundant switching combinations can produce the same output voltage but
have different effects on the capacitor voltages. FCS-MPC exploits this redundancy by
selecting switching states that help to balance the capacitor voltages while maintaining
the desired output. The cost function of FCS-MPC is used to minimize the difference
between the actual and desired capacitor voltages. The main objective is to reduce the
load current error while effectively maintaining the charging and discharging of capacitors.
At each sampling interval, FCS-MPC selects the switching state that minimizes the cost

function, which in turn balances the capacitor voltages.
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FIGURE 5.6: Experimental setup of 5LDO-ANPC.

TABLE 5.4: Parameters for Simulation and Hardware

Parameter Value

DC-link voltage (V) 200 V
DC-Link capacitor (C; = C5) 2200 uF
Flying Capacitor (Cys = Cy4) 470 pF

Load Resistance (R;1 = Ry2) 50 Q
Load Inductance (Lg1 = Ly2) 20 mH

Sampling Time (7}) 50 ps
Welghtlng Factor ()\33(172)’ )\(3,4), )\:(:(5,6)) 25, 03, 0.1

5.4 Simulation and Experimental Verification

The proposed 5LDO-ANPC converter is implemented using MATLAB/Simulink and val-
idated with hardware experiments. The FCS-MPC algorithm is programmed within a
Simulink function block, utilizing a Ts of 50 us. The model is validated through simu-
lations of the CF and DF output modes with linear loads. Additionally, the converter
DC-link and flying capacitor voltages are analyzed under these operating conditions. The
hardware prototype of the converter is built in the laboratory, and a dSPACE MicroLabBox
programmable controller is employed to generate the gate control signals. The complete
hardware setup for the experiment is shown in Fig. 5.6. Table 5.4 lists the system param-
eters considered for the simulation. Identical RL loads, representing AC loads, are used

across two output ports.
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5.4.1 Simulation Results
5.4.1.1 Case 1: Common frequency (CF) mode

In CF mode, the two output frequencies are f; = fo = 50 Hz. Fig. 5.7(a) illustrates the
simulation result for both output voltages (va1, va2) and their corresponding load currents
(141, i42) under CF mode of operation with equal modulation indices, m; = mg = 0.8.
In contrast, Fig. 5.7(b) shows the simulation result of the DC-link and flying capacitor
voltages balancing under CF mode with the same modulation indices, m; = mo = 0.8.
Fig. 5.7(c) displays the outcomes for both output voltages (v41,v42) and its corresponding
load current (i41,i42) under CF mode of operation with the same modulation indices m4
= mo = 0.8 and phase shift ¢ = 30°.

5.4.1.2 Different frequency (DF) mode

In this, two outputs of the 5SLDO-ANPC converter are operated in DF modes, and per-
formance is evaluated. Fig. 5.7(d) shows the simulation result for both output voltages
(va1,v42), and its corresponding load current (ia1,ia2). The converter is operated with

frequencies fi = 50 Hz, fo = 100 Hz with modulation indices m; = m; = 0.8.

5.4.1.3 Dual Drive

The performance of the proposed 5LDO-ANPC converter is evaluated using two identical
PMSM motors. The parameters of each motor are as follows: number of pole pairs (p) = 2,
stator phase resistance (Rs) = 4.765 2, stator phase inductance (Ls) = 0.014 H, magnetic
flux linkage (1)) = 0.1848 Wb, rotational inertia (J) = 0.0001051 kg-m?, rated speed (V) =
3750 r/min, and rated torque (T') = 1.7 Nm. Fig. 5.8 presents the converter’s performance
while driving two motors operating at the same speed. The converter operates in common
frequency (CF) mode with modulation indices m; = mg = 0.8 and output frequencies
fi = fo = 50 Hz. The DC link voltage is set to Vz. = 300 V. Under these conditions,
both motors maintain a speed of 1500 RPM and deliver a torque of 1 Nm. Fig. 5.9
shows the converter’s performance when driving the two motors at different speeds. In
this case, the converter operates in different frequency (DF) mode with m; = mgy = 0.8,
f1 = 50 Hz, and fo = 60 Hz, while keeping V. = 300 V. Consequently, the motors run at
different speeds: N1 = 1500 RPM and No = 1800 RPM, each delivering a torque of 1 Nm.

As observed, motor 2 maintains its speed at 1800 RPM, and the performance of motor 1
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FIGURE 5.7: Simulation result (a) output voltages (va1,v42) and currents (ia1,i42), under
CF mode with m; = mg = 0.8, (b) DC-link and flying capacitors voltage balancing under
CF mode with m; = mgo = 0.8 , (c) output voltages (va1,v42) and currents (ia1,ia2),
under CF mode with m; = ms = 0.8 and phase shift ¢ = 30°, (d) output voltages
(va1,v42) and currents (i41,i42) under DF mode with m; = mg = 0.8.

remains unaffected, confirming that the two outputs of the 5LDO-ANPC converter operate
independently.

5.4.2 Experimental Results

5.4.2.1 Case 1: Common frequency (CF) mode

In CF mode, the two output frequencies are f; = fo = 50 Hz. Fig. 5.10(a) illustrates
the experimental result for both output voltages (va1, va2) and their corresponding load
currents (i41, i42) under CF mode of operation with equal modulation indices, m; =
mo = 0.8. In contrast, Fig. 5.10(b) shows the experimental result of the DC-link and
flying capacitor voltages balancing under CF mode with the same modulation indices, m1
= mg = 0.8. As can be observed from simulation and experimental results, Vor, Voo,
Vs, and Voag are balanced at 99.96 V, 100.1 V, 49.65 V, and 49.65 V, respectively.
Fig. 5.10(c) presents the experimental result for output voltages (vai1, va2) and their

corresponding load currents (i1, i42) under CF mode with different modulation indices,
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FIGURE 5.10: Experimental result (a) output voltages (va1,v42) and currents (i41,i42),

my = my = 0.8, (b) DC-link and flying capacitors voltage balancing, CF mode m; = msq

= 0.8, (c¢) output voltages (va1,042) and currents (ia1,i42), m1 = 1, mo = 0.8, and (d)

output voltages (va1,v42) and currents (ia1,i42) having same modulation indices m; =
me = 0.8 and phase shift ¢ = 30°.

mi = 1 and mg = 0.8. Fig. 5.10(d) displays the outcomes for both output voltages
(va1,v42) and its corresponding load current (i41,i42) under CF mode of operation with
the same modulation indices m; = my = 0.8 and phase shift ¢ = 30°. As observed, the
converter generates five voltage levels at its output ports: -Vy./2, -Vy./4, 0, +V4./4, and
+Vie/2.

5.4.2.2 Different frequency (DF) mode

In this, two outputs of the 5LDO-ANPC converter are operated in different frequency
modes, and performance is evaluated. Fig. 5.11(a) presents the experimental result for
both output voltages (va1,v42), and its corresponding load current (i 41,i42). The converter
is operated with frequencies f; = 50 Hz, fo = 100 Hz with modulation indices m; = my

= 0.8.
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FIGURE 5.11: Experimental result (a) output voltages (va1,v42) and currents (ia1,ia2)

with m; = mg = 0.8 under DF mode, (b) sudden change in modulation index of second

output terminal under CF mode, (c) output voltages (va1,v42) and currents (i41,i42)

for sudden change frequency of second output terminal with m; = mg = 0.8 and (d)

DC-link and flying capacitors voltage balancing for sudden change in modulation index
of the second output terminal.

5.4.2.3 Dynamic Performance

The converter’s performance is evaluated across four scenarios: sudden changes in the
modulation index, a mode transition, start-up, and shutdown.

(a) Modulation Change: In this scenario, the converter performance is evaluated under a
sudden change in modulation index under the CF mode of operation with m; = 0.8 and
my changed from 1 to 0.8 and f; = fo = 50 Hz as shown in Fig. 5.11(b). Fig. 5.11(d)
shows the balancing of the capacitors in this case. As can be observed, there is a negligible
change in capacitor voltage.

(b) Mode Change: In this scenario, the converter’s performance is assessed under the sud-
den change in mode. Initially, the converter is operating in CF mode, where m; = my =

0.8, with f; = fo = 50 Hz. Then a sudden change in the frequency at the second terminal,
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FIGURE 5.12: Experimental results under CF mode with modulation indices m; = mo =

0.8: (a) output voltages (va1,va2) and corresponding load currents (i41,%42) at the start-

up, (b) voltage balancing of the DC-link and flying capacitors at the start-up (c¢) output

voltages (va1,v42) and corresponding load currents (i41,%42) for the shut-down, (d) volt-
age balancing of the DC-link and flying capacitors for the shut-down.

from fo = 50 Hz to 100 Hz, with the same modulation index (m; = mg = 0.8) is observed.
Fig. 5.11(c) presents the experimental result for both output voltages (vai1,v42), and its
corresponding load current (i41,i42) under sudden mode change. As can be seen, the two

outputs of the converter operated independently.

(c) 5BLDO-ANPC Converter Start-up: This scenario evaluates the performance of the
5LDO-ANPC converter during start-up. Fig. 5.12(a) presents the experimental results
of the output voltages (v41,v42) and their corresponding load currents (i41,742) under
CF mode. The converter operates with modulation indices m; = mg = 0.8. Fig. 5.12(b)
illustrates the DC-link and flying capacitor voltage balancing behavior during start-up.
Initially, all capacitor voltages are at 0V, i.e., Vo1 = Voo = Vioas = Voaa = 0V. Once the

5LDO-ANPC converter begins operation, the capacitor voltages stabilize to their nominal



Chapter 5. Five-level Dual-Output Active Neutral Point Clamped Converter 115

values: Vor = 99.96V, Voo = 100.1V, Voag = 49.65V, and Vioaq = 49.65 V, demonstrat-
ing effective voltage balancing at start-up.

(d) 5 LDO-ANPC Converter Shut-down: In this scenario, the converter’s performance is
analyzed during the shut-down phase of the 5LDO-ANPC converter. Fig. 5.12(c) shows
the experimental waveforms of the output voltages (v41,v42) and the corresponding load
currents (i41,i42) in CF mode, with modulation indices maintained at m; = mg = 0.8.
Fig. 5.12(d) displays the behavior of the DC-link and flying capacitor voltages during
the converter shut-down. Initially, the capacitors are balanced at their nominal operat-
ing values: Vg1 = 99.96V, Vo = 100.1V, Voasz = 49.65V, and Vgoas = 49.65V. Upon
stopping the converter, these voltages drop to 0V, indicating a complete de-energization

of the system and successful power-down operation.

5.5 Current Total Harmonic Distortion (THD)

TABLE 5.5: Comparison of Current THD

. Scenario 1 | Scenario 2 | Scenario 3

Topology /Scenario — . . . . .
1A1 A2 A1 1A2 1A1 A2

DFC-ANPC 217 | 2.17 | 3.24 | 3.24 | 2.17 | 3.35
Dual C5L-ANPC 2.27 | 2.27 | 3.36 | 3.36 | 2.27 | 3.41
Dual 5L-NPC 24 |24 | 347|347 |24 | 3.47
Modified CMOM 2.27 | 2.27 | 3.36 | 3.36 - -
Proposed 2.27 | 227 | 3.36 | 3.36 | 2.27 | 3.41

In this comparative analysis, three operating scenarios are evaluated. In the first scenario,
referred to as Common Frequency (CF) mode, both loads operate at the same frequency
(fi = f2 = 50 Hz) and with equal modulation indices (m; = mg = 1). The second
scenario is also CF mode but with modulation indices m1 = mgy = 0.8 and a phase shift of
¢ = 30°. The third scenario represents a Different Frequency (DF) mode, where the loads
operate with different modulation indices and frequencies: m; = 1, f; = 50 Hz; mo = 0.8,
fa = 100 Hz. Table 5.5 presents the current total harmonic distortion (THD) for both
outputs under these scenarios using the IPD-PWM technique with a switching frequency
of 4 kHz. The results indicate that DFC-ANPC exhibits slightly lower THD across the
evaluated scenarios, while Dual 5L-NPC shows higher current THD at both outputs in
all cases. Due to operational constraints, the CMOM topology is unable to function in
Scenario 3; hence, the current THD values for this case are not reported. The proposed
5LDO-ANPC demonstrates similar THD performance to the Dual C5L-ANPC across all

scenarios. Furthermore, when using the Finite Control Set Model Predictive Control
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(FCS-MPC) strategy, the proposed 5LDO-ANPC achieves significantly lower THD due
to its superior current tracking performance. The current THD values for FCS-MPC in
the three scenarios are as follows: in Scenario 1, i4; and 749 have 0.42; in Scenario 2,
141 and 749 have 0.55; and in Scenario 3, 747 have 0.42, whereas i49 have 0.56. These
results clearly demonstrate the effectiveness of the 5LDO-ANPC topology in maintaining
low current distortion and enhancing dynamic performance when combined with advanced

control techniques like FCS-MPC.

The THD performance of the 5LDO-ANPC converter under different load conditions has
been analyzed by considering R,1 = 50 Q, Ry = 25 Q, L1 = 20 mH, and L,o = 10 mH.
Figure 5.13 illustrates the THD of both output voltages and currents at different load
conditions with modulation indices mq = mo = = 1. The output voltage THD for va;
and v o are 2.68% and 26.91%, respectively, while the corresponding output current THD
values for 747 and 749 are 0.55% and 0.48%. It can be observed that the current THD
for both outputs remains nearly identical, indicating effective current regulation by the

proposed converter under varying load conditions.
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