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Abstract: With the increasing power level of wind power generation system, the traditional topology
of power converters can no longer meets the demand of high-power wind power generation systems
due to the limitation of device performance. The line voltage cascade type multiple PWM converter
(LVC-VSCQ) is a kind of converter that uses the traditional two-level and six-switch voltage source
converter as the basic component unit, and each unit is combined with the line voltage cascade
method. This type of converter is suitable for medium-voltage and high-power applications such
as wind power generation and metallurgical drives because of its easy modularization, strong
scalability and low number of isolated power supplies required. However, for medium-voltage and
high-power applications, the switching frequency of power devices in the converter is low, usually
limited to a few hundred hertz. The traditional modulation method of line voltage cascade converter
has a large number of redundant states, and simply reducing the carrier ratio will cause serious
degradation of control performance and system instability. To address this problem, this paper
proposes a modulation strategy and a corresponding control method for low switching frequency.
The modulation strategy is based on the vector relationship of finite switching states, and the optimal
switching sequence is selected according to the modulation system by removing redundant states,
thus ensuring the application of different modulation sequences under different modulation depths
and ensuring the current quality on the basis of the minimum switching frequency, which effectively
solves the control problems at low switching frequency. The experimental results show the correctness
and effectiveness of the proposed modulation strategy and control method.

Keywords: triple line voltage cascade converter; low switching frequency; switching sequence;
modulation depth

1. Introduction

With the increasing power level of wind power generation systems, a series of multiple,
multilevel converter topologies have been proposed by scholars to meet the application
requirements of medium-voltage and high-power applications. The converters currently
applicable to high-voltage level occasions can be divided into the following two categories:
single DC-power inverters such as diode clamp type and capacitor clamp type; multiple
DC-power inverters such as cascaded H-bridge type and cascaded three-phase bridge
type [1-7]. The latter is the most widely used due to its advantages such as easy modularity
and expandability [8-10]. Compared to cascaded H-bridge type inverters, cascaded three-
phase bridge type inverters require fewer switching devices and DC-side capacitors (or
independent power supplies), thus reducing system costs, while in terms of control, three-
phase system control methods can be well applied to the system [11-15]. Therefore, line-
voltage cascaded three-phase bridge inverters have good prospects for medium-voltage and
high-power applications. In this paper, we take wind power generation as the application
background and triple LVC-VSC as the net-side converter to carry out the research work.
Figure 1 shows the main circuit topology of the triple structure applied in the wind power
grid-connected system as the net-side converter [16]:
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Figure 1. Schematic diagram of triple line voltage cascade type multiple PWM converter (LVC-VSC)
main circuit and control system.

In the figure, the energy generated by the motor is transmitted to the power grid
through an AC-DC-AC conversion. The Triple LVC-VSC operates as a grid-side converter,
Ly is the current limiting inductance between power units, Ly is the grid-side filtering and
energy storage inductance, and C is the DC busbar capacitance.

The traditional modulation strategy of this topology is carrier phase shifted SVPWM
modulation. This modulation strategy does not consider some unnecessary switching
states, resulting in low switching utilization, mainly including redundant switching states
and switching states causing circulating current. The former will increase the switching
frequency, while the latter will cause current shock and power loss, which will seriously
affect the service life of the whole system [17-19]. At present, to address this issue, some
scholars” improvement goal is the combination of three groups of modulation waves or
switching signals of carrier phase-shifting. Although some redundant states are removed
and the waveform quality is improved to a certain extent, it does not completely solve the
inherent problems caused by the complex state of carrier phase-shifting switching [20-23].
In addition, the inter-module circulation problem is studied. The literature [24] screened
a theoretical infinite current inductor with a finite switching state. Each switching state
corresponds to a voltage vector. After removing the redundant states, 19 voltage vectors
are obtained, including 18 effective voltage vectors and 1 zero voltage vector. Each voltage
vector corresponds to a plurality of switching states, thus forming a set of switching states.
The switching frequency is reduced by preferential selection of them.

However, for the screened voltage vectors, only simple single vector modulation can
not ensure good output performance at low switching frequency operating conditions.
On the contrary;, it is necessary to improve the switching frequency to make up for the
deficiency of single vector modulation, which is contrary to the concept of low switching
frequency in a high power level. In this paper, we reprogram the voltage space vector
diagram in the ideal switching state. On this basis, the modulation vector is synthesized by
using the selection principle of the nearest three vectors. Finally, in the low modulation
depth area, the switching frequency is reduced to less than half of the carrier frequency;
in the high modulation depth area, the switching frequency is reduced to about one third
of the carrier frequency. By analyzing the current harmonics caused by several sequences
from the perspective of the switching stage, the optimal modulation sequence is found
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for different modulation depths, which ensures both low switching frequency and current
quality. Finally, it is simulated and experimentally verified in low switching frequency
operating conditions.

2. Conventional Carrier Phase Shift Modulation Strategy

The structure of triple LVC-VSC as a network-side rectifier is shown in Figure 2,
which consists of three two-level voltage source converters (VSC) combined by line voltage
cascade. According to its structural characteristics, the traditional two-level SVPWM modu-
lation strategy can be combined with carrier phase shift technology to obtain a modulation
strategy suitable for this topology—carrier phase shift SVPWM modulation strategy.
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Figure 2. Diagram of triple LVC-VSC operating in rectifier status.

In Figure 2, Up1,2, Ua1p1, and U,opy are the current-limiting inductor voltages between
unit 1 and unit 2 modules, the phase A and B line voltages of unit 1, and the phase A and B
line voltages of unit 2, respectively. Uag is the entire triple structure A and B phase line
voltage, and Eap is the electric potential value between phases A and B of the grid. ugc1,
uger and ugcz are the DC bus voltage values for cell 1, cell 2, and cell 3, respectively.

The specific modulation method is as follows: the triple LVC-VSC uses three SVPWM
calculation units, each corresponding to a space vector map coordinate system with an axis
length of 2*U,y /3, where U,y is the average value of the three sets of DC bus voltages. The
modulated voltage output from the controller is compared with the three sets of carriers to
obtain the switching signal and act on the converter. The three sets of VSC module carriers
have the following correspondence in phase, the initial phase of the second set of carriers
lags the first set of carriers by 1/3 carrier period, the initial phase of the third set of carriers
lags the second set of carriers by 1/3 carrier period, and the relationship between the three
sets of carriers and the modulating waveform is shown in Figure 3.
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Figure 3. The relationship between modulation wave and three sets of carrier phase in carrier phase

shifting modulation.
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The three sets of output drive signals correspond to the switching tubes of each VSC,
and the specific relationship is shown in Figure 4.

Sal L

| vscl

SVPWM | & b
Calculation bl o, _"f’} =
— - unit Cq

(s» Sel > —
T Udel

Y

S,
utef o vsc2 2 4, 142
o =1 svewMm S b
Calculation b2 - o2
unit
C
ufe™ > 52y =2

] v

VsC3 1 a3
—»  svPwWM S b
Calculation 123
unit C3
> (83) S -
|_| |_| de3

Figure 4. Correspondence of carrier phase shift switching signals.
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In the figure, u"¢f, uré*f is the modulated voltage output from the closed-loop controller

in the stationary coordinate system component, and Sy,; is the switching signal output
from the modulation unit (m indicates phase a, phase b or phase c; i indicates unit 1, unit 2
or unit 3).

The whole control system adopts the integrated control method, so the equivalent
circuit model of the triple structure needs to be established. According to the loop formed
by unit 1 and unit 2 in Figure 2, the following expression can be derived:

Uap = Ua1b1 + Uagpz + Upta2 = jwlg(Ia — I) + Eab
Upc = Upper + Upes + Ucons = jwLg(Ip — Ic) + Epc 1)
Uca = Uga3 + Uctar + Uazer = jwLg(Ic — Ia) + Eca

Uops, Upaer, and Upacs are the current-limiting inductance voltages between unit 2 and
unit 3 modules, the B and C phase line voltages of unit 2, the B and C phase line voltages of
unit 3, respectively. Epc is the electric potential value between Grid B-phase and C-phase.
Uasc1, Uz and U1 are the current-limiting inductance voltages between unit 3 and unit
1 modules, the C and A phase line voltages of unit 3, the C and A phase line voltages of
unit 1, and Ecp is the electric potential value between Grid C-phase and A-phase.

When the transmitted power is balanced, the DC bus voltages of each VSC module
are equal, which is known by symmetry:

ualbl = ua2b2 = Ua3c3
Upicr = Upaez = Upza3 (2)
uclal = Uar = Uezas

According to Equation (2), Equation (1) can be rewritten as follows:

UA’ B = uAB — jWLgx(IA — IB)
UB’ c = LIBC — jWLgX(IB - Ic) (3)
UC’A’ = uCA —ijgX(IC - IA)

Uprg, Ugrcr, U 5 is the equivalent AC side line voltage vector, and its values are:

Uprg = Uatp1 + Uaopo
Uprcr = Uppe + Upaes 4)
Uc’A’ = Uc3a3 + uclal
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Lgx is the inductance of the current-limiting inductor Ly after equating to the three-
phase AC side and superimposing with the filter inductor Lg, whose value is:

Lgx = Lg + Ly /3 ®)

From Equations (2) and (4), we can conclude that the equivalent AC side line voltage
amplitude is equal to two times the AC side line voltage amplitude of each VSC, and since
the AC side line voltage amplitude of each VSC is equal to its DC bus voltage value, the
line voltage amplitude after equivalence is two times the DC bus voltage amplitude of

each module, i.e.:

(Uge1 + Uger + Uges)
3 (6)

The overall capacitance value can be obtained according to the power conservation
principle as:

Ueq = 2Uqy = 2

Ceq = C/2 @)

Based on the above analysis, the equivalent circuit model can be obtained as shown
in Figure 5:
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Figure 5. Triple equivalent circuit model under transmission power balance.

The equivalent circuit model can be used to instantiate the design of the converter.
Taking the medium-voltage power level as an example, the entire converter needs to
achieve a DC output of 1200 V. In the triple topology, a single VSC unit with an output
of 600 V can meet the power requirements. Therefore, taking into full consideration the
overall power level of this experimental system, the FGA40N120D IGBT is selected as the
basic power device with a VSC power device with a withstand voltage value of 1200 V
and a maximum collector current of 40 A current. At the same time, the power unit drive
module needs to be designed, and the M57962AL driver chip is selected to build the drive
circuit of the system in combination with the selected IGBT model, and a logic protection
circuit consisting of a logic gate chip is added to the drive circuit to prevent the upper and
lower bridge arms from conducting in the same phase. In addition, the main circuit on the
AC side requires a filter inductor and a current limiting inductor. The selection of the filter
inductor requires that the voltage drop on it does not exceed 3% to 5% of the peak AC line
voltage when the converter is operating.

For the conventional carrier phase-shifted SVPWM modulation method, there is a
strong coupling effect between the individual VSC modules in some switching states,
and based on the equivalence model, only the external equivalence is established, and
the internal electrical connections cannot be analyzed in the equivalence model. Since
the conventional modulation algorithm does not have the necessary constraints on the
switching states, it contains a large number of redundant states [24], which causes un-
necessary switching losses and current shocks and becomes a problem that cannot be
avoided by the conventional modulation algorithm. Therefore, the circuit between cas-
caded modules needs to be analyzed to avoid non-ideal switching states and to improve
the modulation algorithm.
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3. Nearest Three-Vector Modulation Strategy Based on Ideal Switching State Model
3.1. Ideal Vector Switching State Selection

The screening principles are: no circulating current, no short circuit, and minimum
number of adjacent vector switches.

There are more line voltage cascaded inverter switch combination states, and they will
be respectively represented by three digits (X1 X2 X3), where X1, X2, X3 are all arbitrary
numbers between 0 and 7, a total of 8 = 512 combinations. Respectively, representing the
switch state corresponding to the three-phase upper bridge arm switch tube of unit 1, unit
2, unit 3, each number and the two-level voltage source inverter switch state relationship
as shown in Table 1. For example, (X1 X2 X3) = (1 2 3) means that the three-phase upper
bridge arm switch states of unit 1 is 001; the three-phase upper bridge arm switch states of
unit 2 is 010; the three-phase upper bridge arm switch states of unit 3 is 011.

Table 1. Corresponding switch states of single VSC.

Number 0 1 2 3 4 5 6 7
State 000 001 010 011 100 101 110 111

The equivalent circuits for different switching states is analyzed and then filtered to
obtain the desired ideal switching states with no circulating current and no short circuit.
Taking (444) as an example, the switching state of each unit is 100, and its path is shown
in the left figure in Figure 6, and the right figure is the equivalent model of the path in
this state.

+ /;1 A
Ugel '
- o) +A
o £ Equivalence Uder
B _
U 2 B > .
ch_ i + Refqmce +
C2 UdC2 point UdC3
A _ _
+ : B C
Uges B
_ c, .
(444)

Figure 6. Path diagram and equivalent circuit model under switching state (444).

The other switching states are analyzed as above, and Figure 7 shows the screened
equivalent circuit connection diagram that meets the conditions. Below the equivalent
circuit are the constraint states of this kind of circuit. A total of 96 switching states are
screened and are classified into the following six groups, where © denotes the “same”,

“or” logical. If the logic is 1, port 3 and port 4 in Figure 7a are connected to the negative

side of the power supply, and port 1 and port 2 in Figure 7b are connected to the positive
side of the power supply, and if the logic is 0, neither of the above two groups of ports is
connected. Sjj indicates the on state of the switch tube of the upper bridge arm of phase j in
the ith VSC cell: 1 indicates the on state and 0 indicates the off state.

Take a switch state of group a as an example: as can be seen from Figure 7, at this time
the constraint is S1g = Sic = 0; Spa = S3a = 1; Soc © Sap = 1, the remaining states Sy, Spg,
Ssc state and the circuit connection mode correspondence is as shown in Table 2.
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Figure 7. Each group of switch combinations and their constraint states. (a) First three sets of switching constraints; (b) Rear
three sets of switching constraints.

Table 2. Corresponding relationship between switch state and three-phase output.

State =1 State =0
Sia A connection port 1 A connection port 2
SoB B connection port 3 B connection port 2
Ssc C connection port 4 C connection port 2

A new voltage space vector diagram can be obtained based on the above switching
states, as shown in Figure 8.

Low profilesystem area

44@.* O

Conventional modulation dead zone

Figure 8. Triple 19 vector voltage space vector diagram and sector division.

It contains 18 effective voltage vectors, which can be divided into large, medium and
small vectors according to their length, the length of large vector is 4*Uq./3; the length
of medium vector is 2*sqrt(3)* U4, /3; the length of small vector is 2*Uy. /3. Each vector
corresponds to multiple switching states. To ensure the minimum number of switching
times when adjacent vectors are switched, 20 switching states are selected, of which
18 correspond to effective vectors and two correspond to zero vectors.

3.2. Sector Division of Three-Vector Modulation Strategy and Vector Selection

In this paper, the voltage space vector diagram is divided into 36 sectors. In Figure 8,
the whole voltage space vector diagram can be divided into the above three areas ac-
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cording to different modulation depths, and the following is the calculation formula of

modulation depth.
/30,2 2
|74 B \@Vs B 3Ud + 3Uq ®

© Umax  2Uge 2Uy.

Low modulation depth area: m < 0.5;

High modulation depth area: 0.5 < m < 0.577;

Traditional modulation dead area: m > 0.577.

The sector distribution of each area is shown in the figure where m is the modulation
depth, Vs is the modulating voltage, Umax is the maximum output voltage of the trivialized
system, and Vg4, Vq is the modulating voltage Vs component in the dq coordinate system.

When the vector is located in the low modulation regime and high modulation regime,
the basic voltage vector is selected and vector synthesized according to the nearest three
vectors principle, which can be calculated from the number of switching tube actions
during vector switching in the space vector diagram, and the vector selected by this
principle can reduce the switching frequency to 1/3 of the carrier frequency in the high
modulation regime; and reduce the switching frequency to 1/2 of the carrier frequency in
the low modulation regime. When the vector is located in the traditional modulation dead
zone, the target vector cannot be synthesized based on the nearest three vectors method,
and the vector needs to be reselected, then the nearest medium vector can be used to
replace the smaller vector which is farther away to ensure the lowest switching frequency
while synthesizing the vector. Take sector 25 as an example, since (000), (044) and (667)
cannot synthesize the target vector, then (464) is selected to replace (667) to complete the
vector synthesis.

m

3.3. Vector Action Time and Duty Cycle Calculation

Similar to the traditional two-level SVPWM modulation algorithm, the modulating
voltage is synthesized using the principle of volt-second balance, taking the first sector
as an example: when the modulating voltage vector is located in the first sector, the three
vectors selected by the principle of the nearest three vectors are (044), (667) and (777), and
the zero vector is selected based on the minimum number of switches, Figure 9 shows the
volt-second balance synthesized voltage vector diagram.

Al Vector _u,

(667)
MZB
urefBA" ---------------
U
—— ">,
(000) Uy, Uper, (044D
Vector _u; Vector u

Figure 9. First sector modulation voltage synthesis vector diagram.

Vector_uq, Vector_uy, Vector_us are the three selected vectors, 114, Up, are vector
1 and vector 2 in x-axis component, 11, ug are vector 1 and vector 2 in 3-axis component,
Uref, Urefos Urefp are modulating voltage and modulating voltage in «-axis and (3-axis
component, respectively.
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The principle of volt-second balance is that in a control cycle, the principle of average
equivalence is used so that the total effect of the three vectors is equal to the effect of the
modulating vector action, and the following equation can be obtained.

Urefow = U1 ¥ D1 + oo * D2
Urefp = U1 * Dy + Upp * D
D3=1—-D1—D,
D 1= Tl/ Ts_control
DZ = TZ/ Ts_control
D3 - TB/ Ts_control

)

where T4, T, T3 corresponds to the action time of vector 1, vector 2 and vector 3 in one
control cycle, respectively. Ts_control is the control cycle, and D;, D, and D3 are the duty
cycles of the three vectors in a single control cycle.

The modulation method combined with the integrated control method based on the
equivalent circuit model of Figure 5 constitutes the entire closed-loop control system of
this paper, as shown in Figure 10.

= -
is,‘ oF 3 I < Triple Line-voltage power grid
. 4k+3+F: | Cascaded Converter
CEE l > '

|

| Uier

[

[

L Udes

|

2*(Uger +Uger +Uqgc3)

3
s Ve(-:tor : Phase locked
modulation transformatio o
n €up
* Vo
e, Lo,
"X dq
3s/2r
|:le transformation

Figure 10. Triple double closed loop control block diagram.

4. Vector Action Sequence and Current Fluctuation Suppression
4.1. Analysis of Current Fluctuations within a Single Control Cycle

Analysis of the causes of the formation of current fluctuations: vector synthesis are
based on the average equivalent of vector action in a control cycle, but at a certain point
the output is still a single vector, and the modulation vector will form a voltage difference,
which reflected in the current is the current fluctuations, the following is a quantitative
analysis of current fluctuations [25], the voltage difference:

v* () = v(t) — ox(t) (10)

v(t): The basic voltage vector selected at the current time;vr (¢): Modulation voltage value.
The single-phase equivalent model of the power converter at the grid side can be
approximated as shown in Figure 11.
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Figure 11. Single phase equivalent model.
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« [ — 5] + [vg(t) — Tg(t)]

The first and last terms are negligible, and Equation (11) can be simplified as follows:

o (h) = L[4 - S0 12)

Further discretization can be obtained:

AT(t) = o (1)dt + — = Ai(t) (13)

— %
L Ts
A1~( £): Total current variation;
T* f v*(t)dt: the variation of harmonic current;
t/ Ts * Az( ) Fundamental current variation.
It can be seen that the offset direction of the fundamental current can be determined
according to the positive and negative of the voltage error [25].

4.2. Vector Action Sequence and Current Fluctuation

From the above way of analyzing harmonics, it can be seen that only the current fluctu-
ation in one control cycle is considered, because on most occasions, the current fluctuation
in a single cycle and the current fluctuation in the whole electric cycle are approximately
the same, while on some special occasions, the two are not approximately equal.

This section summarizes several factors influencing the switching-level current har-
monics throughout the electrical cycle.

(1) Within a single control cycle

The choice of the fundamental voltage vector, which influences the magnitude of the
voltage error and is the most direct influencing factor.

(2) During adjacent control cycles

The current offset when the vector at the end of the previous control cycle is switched
to the initial vector of the current control cycle; the current offset when the vector at the
end of the current control cycle is switched to the initial vector of the next control cycle.

(3) When adjacent sectors are switched

Current offset when the last vector of the previous sector is switched to the first vector
of the current sector; current offset when the last vector of the current sector is switched to
the first vector of the next sector.

For the traditional two-level modulation strategy, the symmetrical waveform such as
five-segment, seven-segment, etc. is often used, and the characteristic of this waveform is
that the first vector and last vector are zero vectors within a single control cycle, so that the
influence factor 2 and influence factor 3 do not need to be considered, at this time it can be
said that the minimum current fluctuation in a single control cycle is basically the same as
the minimum current fluctuation in the whole electric cycle.

For the modulation strategy described in this paper, in order to take full advantage of
the minimum number of switching times when adjacent vectors are switched, the three-
vector sequential waveform is used instead of the traditional five- stage and seven-stage
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waveform, the latter reduces the current fluctuation to a certain extent, but will greatly
increase the switching frequency, which is contrary to the requirement of low switching
frequency in medium and high power applications.

The working condition studied in this paper is a low-switching frequency operating
condition, where the carrier ratio is usually within 10, and the influence factors 2 and 3 must
be fully considered. In the higher regulation depth in particular, there are 12 sectors, and
the sectors where the voltage vectors of adjacent control cycles are located are not the same.
Therefore, the current fluctuations of adjacent control cycles should be fully considered
when selecting the vector action sequence while ensuring a lower switching frequency.
Ultimately, the optimal selection of the vector action sequence can solve the difficult
problem of high current quality at low switching frequency for high-power transmission.
The following is an example of A-phase fluctuation at low switching frequency operating
conditions, and summarizes the ideal fluctuation mode of sequential waveform generation
with minimum current offset in a single control cycle and minimum current offset in the
whole electric cycle at low switching frequency.

4.2.1. Harmonic Analysis and Sequence Optimization within a Single Control Cycle

The following is an example of the A-phase fluctuation in the first sector, summarizing
the ideal fluctuation mode under the sequence of vector action corresponding to the
minimum current offset in a single control cycle in the low modulation depth, and the
following figure indicates the relationship of each voltage vector in the first sector.

In Figure 12, V. is the modulating voltage vector, V4 is the component of the mod-
ulating voltage on phase A, vector 1, vector 2 in phase A projection are 2*Ug./3, Ug./3,
respectively. Therefore, there are two position relationships between the three as shown in
Figure 13, the following corresponding to the optimal vector sequence in a single control
cycle for each position relationship. (U for upward offset; D for downward offset).

Vector2

B

Figure 12. The first sector vector is projected in phase A.

Figure 13. Ideal current offset mode of single control cycle.
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V1, V, V3 is the basic voltage vector. Combined with the current offset regularity
derived in Section 3.1, it can be seen that the vector sends waves in the order of V,V1V3 or
V3V, V1 to minimize the amount of current fluctuation in that control cycle.

4.2.2. Analysis of Current Fluctuations throughout the Electrical Cycle and
Sequence Optimization

At this time, the modulating voltage is located in the high modulation depth area, for
example, within one electrical cycle, the modulating voltage will pass through 12 sectors.
Taking into account the current fluctuations when switching sectors, the following law
is analyzed in this process: Because there are three basic voltage vectors acting in one
control cycle, the vectors will necessarily be shifted three times. That is, the following two
situations will occur.

Case 1. shifted down twice and shifted up once.

Case 2. shifted down once and shifted up twice.

During the counterclockwise rotation of the vector, if the vector is shifted up once
and down twice during the current control cycle, then the adjacent control cycle must be
shifted down once and up twice. In order to ensure minimal fluctuations throughout the
electrical cycle, it was finally found to be optimal for the fundamental current to be offset
in the following manner.

UDD-UUD-UDD——-UDD-UUD or DUU-DDU-DUU——DUU-DDU

The following Figure 14 is a graph of the current fluctuations when the vector is
located in the high modulation regime area offset in the above manner.

) A
_Udc
3
1 /,VA
EUdc P
N |\ n| r3inirn s i rj
0 >
; t
) N 3i3 1V i 3N iy n st

Figure 14. Ideal current offset mode of electric cycle.

Since the control accuracy of the algorithm is for one control cycle and it is not possible
to control the entire electrical cycle directly, the above ideal offset approach can only be
used as an evaluation criterion. According to the symmetry principle, the order of vector
action in each sector is fixed and its does not change with time. By numbering each sector
vector counterclockwise V1, Vy, V3 according to Figure 12, the final fixed order has the
following six as shown in Table 3:

Table 3. Trivector switching sequence.

Number N] N2 N3 N4 N5 N6
Order Vl V2 V3 Vl V3 V2 V2 V1 V3 Vz V3 Vl V3 Vl V2 V3 V2 Vl

It is filtered by the evaluation criteria analyzed above and Equation (13), and the final
analysis shows that the current offset under the action sequence of Nj is closest to the ideal
case and is not affected by the modulation depth, and finally the simulation is verified
under two operating conditions respectively, which proves the correctness of the theory.

Working condition 1: DC bus voltage: 320 V; electrical frequency: 100 Hz; control
frequency: 2 KHz; switching frequency: 800 Hz; regulation: 0.765 (high); carrier wave ratio: 8.
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Working condition 2: DC bus voltage: 540 V; electrical frequency: 100 Hz; control
frequency: 2 KHz; switching frequency: 900 Hz; regulation system: 0.454 (low); carrier
wave ratio: 9.

Simulation of the minimum fluctuation of a single control cycle under two operating
conditions was also done for comparison with the above, as follows.

From the comparison of THD values in Figures 15 and 16, the simulation results, it
can be seen that the vector action order of Ny = 123 is optimal, mainly because the vector
action order of N = 123 is counterclockwise, which is consistent with the vector rotation
direction, and has period symmetry, which can satisfy the whole electric cycle harmonic
minimum regularity. At the same time, it can be seen from Figure 17 that the optimal single
control cycle is not consistent with the optimal whole electric cycle under the low switching
frequency operating conditions.
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5. Experimental Results Analysis
5.1. Introduction to the Experimental Platform

In order to verify the correctness and effectiveness of the above theoretical analysis, the
proposed trivialized LVC-VSC control strategy was experimentally verified. A complete
set of experimental platform was built as shown in Figure 18.

Oscilloscope Main Control Board

Yokogawa WT5000
Power Analyzer

DC power input

Figure 18. System physical drawing.

Based on the experimental platform shown above, the overall control circuit was
designed, the following diagram illustrates each control unit of the entire system, as shown
in the Figure 19.

The experimental algorithm is completed based on dual controller chips, the dsp28335
chip and Altera’s FPGA chip (EP1C6Q240C8), the control algorithm and a small amount of
modulation algorithm is completed through the DSP, most of the modulation algorithm is
completed through the FPGA, the specific details are shown in the Figure 19.

The basic experimental parameters are shown in Table 4.

Table 4. Experimental parameters.

Parameter Name Parameter Value
AC side filter inductor Lg /mH 4.2
Current limiting inductor Ly/mH 2
DC side capacitance C/uF 2350

Switching frequency f/Hz 300-500
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Figure 19. System main circuit and control circuit design block diagram.

5.2. Double Closed-Loop Experiments with Different Modulation Depth
5.2.1. Experimental Validation under a High Modulation Depth

The DC-side load was 30 ohms, and the AC-side power supply outputs three-phase
AC power through the AC regulator. At first, the rectifier was operated in the uncontrolled
rectification state, and the diode connected in parallel with the IGBT was used to charge the
DC side to 60 V. After that, the tube was turned on for controlled rectification, and the given
DC bus voltage was set to 100 V. The following are the voltage and current waveforms in
the experiment. The three plots on the left side correspond to the network-side three-phase
currents, current-limiting inductor currents and network-side line voltage values; the three
plots on the right side correspond to the dg-axis currents, the three sets of DC bus voltages
and the given, and the individual VSC unit switching signals.

This experiment used four times sampling to reduce the control delay on the basis of
improving the dynamic performance of the system, considering the algorithm execution
time, the number of samples was set to four, that is, 4 k sampling frequency, 1 k carrier
frequency. The modulation system was calculated by Equation (8) as 0.6, at which time the
switching frequency was reduced to about 1/3 of the carrier frequency, and the switching
frequency in Figure 20f is 330 Hz indicating that the experiment matches the theory. The
carrier ratio was the switching frequency fs/electric frequency fr equal to 6.6, and it can
be seen from Figure 20a that the three-phase current THD value is 7.89% under the low
switching frequency operating conditions, which indicates that the modulation strategy
is not only applicable to the low switching frequency operating conditions but also can
ensure the better inverter output performance. Figure 20b,d also illustrate the feasibility of
this paper’s algorithm again in terms of the tracking performance of steady-state current
and steady-state voltage. Figure 20c shows the current-limiting inductor current during
the experiment with good symmetry of the three phases. Figure 20e shows the net-side line
voltage. Combined with the switching signal of a single two-level VSC in Figure 20f, it can
be seen that with the modulation algorithm described in this paper, a certain two-phase
switching tube is clamped for a long time during an electrical cycle, making the average
switching frequency very low, but allowing the whole system to achieve a good output
performance with a high frequency of level changes in the output line voltage.
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Figure 20. Double closed loop experimental waveform under high modulation depth. (a) Network-side three-phase current.
(b) dq axis feedback current and feed. (c) Current limiting inductor current. (d) Three sets of DC bus voltage, (e) Net-side
line voltage value 1, (f) VSC1 Three-phase upper bridge arm switching signal.

5.2.2. Experimental Verification under Low Modulation Depth

The experimental process is similar to the high modulation depth, where the DC bus
voltage is first charged to 60 V, and then the DC bus voltage is raised to 170 V by controlled
rectification. The following are the voltage and current waveforms under this condition:

From Formula (8) the regulation depth is calculated as 0.338, and at this time the
switching frequency is reduced to about 1/2 of the carrier frequency. Figure 21f in the
switching frequency of 500 Hz shows that the experiment and the theory coincide. The car-
rier ratio is the switching frequency fs/electric frequency fr equal to 10, and the value of the
three-phase current THD is 6.61% under the low switching frequency operating conditions
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as shown in Figure 21a, which can still ensure a good inverter output performance under
this modulation depth. Figure 21b,d also illustrate the feasibility of the algorithm in this
paper in terms of the tracking performance of steady-state current and steady-state voltage.
Figure 21c shows the current-limiting inductor current during the experiment with good
symmetry of the three phases. Figure 21e shows the net-side line voltage, and combined
with the switching signal of a single two-level VSC in Figure 21f, it can be seen that with
the modulation algorithm described in this paper under this regulation system, a certain
two-phase switching tube is also in the clamped state for a long time during an electrical
cycle, which makes the average switching frequency low, and although the inverter output
level is two-level at this time, it can still ensure a good output performance.
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Figure 21. Double closed loop experimental waveform under low modulation depth. (a) Network-side three-phase current.

(b) dq axis feedback current and feed. (c) Current limiting inductor current. (d) Three sets of DC bus voltage. (e) Net-side

line voltage value uab. (f) VSC1 Three-phase upper bridge arm switching signal.
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In summary, under this modulation strategy, the system can achieve low switching
frequency operation in both high and low modulation regimes, and can ensure good
current quality, and the theoretical analysis is consistent with the experimental results.

5.2.3. Efficiency Experiments in Different Modulation Areas

The above two sets of experiments show that the modulation strategy can achieve bet-
ter results in terms of switching frequency and current quality. The following experiments
will prove that the whole system can operate with high efficiency during the experimental
process. The following describes the efficiency experiments of the converter operating in
high and low modulation areas and at different power levels respectively, and analyzes the
efficiency of the converter and the efficiency of the whole system from two perspectives.

The experimental conditions are basically the same as the experiments in the above
section, DC bus voltage is still given as 100 V and 170 V, except that the power point is
changed by varying the load resistance, and the resistance value is selected in the range of
20 ohms to 80 ohms, with 10 ohms as an interval, while the efficiency values corresponding
to different power points are observed with a power analyzer. Due to the specificity of
the triple topology, there are three groups of DC loads, and the power analyzer can only
measure the efficiency of one group, therefore, it is necessary to perform power analysis
for each of the three VSC units, and the final system output power is the sum of the three
power groups, the following is the measured power curve in different modulation areas as
shown in Figure 22:
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Figure 22. Efficiency curves in different modulation areas.

The efficiency experimental results of the above two modulation system areas show
that, although the converter inevitably generates some reactive power and switching losses
during operation, both the efficiency of the converter and the efficiency of the whole system
can still be maintained above 90%, which again illustrates the correctness and effectiveness
of the modulation strategy described in this paper from the side.

6. Conclusions

Triple line voltage cascade converter is suitable for medium and high voltage high
power transmission field, while the traditional carrier phase shifting SVPWM has many
problems: such as more redundant switching states, more narrow pulses in the switching
circuit; when the carrier ratio is low, the converter AC side current harmonics increase
abruptly. For medium-voltage and high-power applications, the control system carrier
ratio is generally low due to the limitation of device switching characteristics, and the
traditional carrier shifted phase SVPWM modulation strategy cannot meet the application
requirements. For the above problems, a new modulation strategy and control algorithm
were proposed in this paper, the optimal wave generation sequence was established, and
the good AC output performance of the triplex converter could be guaranteed under the
low switching frequency limitation. The theoretical analysis and experimental verification
of the proposed algorithm were carried out under different operating conditions by means



Electronics 2021, 10, 3059 19 of 20

of simulation and experimentally, and the correctness and effectiveness of the method
were illustrated.
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