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Abstract: The multi-frequency Passivity-Based Control (PBC) has been successfully applied
in L-filtered power converters. For an LC-filtered stand-alone voltage source inverter (VSI),
the mathematical model is second-order, where two state variables are used in modeling and
control in conventional multi-frequency PBC controller, complicating the controller design and
increasing the occupied resources both in hardware and software. In order to simplify the controller
design and save the resources as well as the cost, a control scheme called multi-frequency single-loop
PBC is proposed for the LC-filtered stand-alone VSI in this paper. The feasibility of the proposed
control strategy is verified through the experimental results on a 3-phase/110 V/6 kW prototype.

Keywords: voltage source inverters; high-order; multi-frequency; passivity-based control

1. Introduction

Whether in traditional or modern applications, grid-tied inverters are widely utilized in industry [1].
Furthermore, stand-alone voltage source inverters (VSIs) as an another power converter are also widely
adopted in various industrial situations, such as uninterrupted power supply (UPS) systems [2—4],
AC power supply system [5-7], grid simulator systems [8,9], power electronic transformer systems [10,11]
and etc. Therefore, to promote the performance of VSI is of great importance for the above applications.
The output voltage waveform of a high-performance VSI must be sinusoidal, with specified frequency
and amplitude, low total harmonic distortion (THD), especially under the condition of nonlinear
loads [4]. In addition to above requirements, a VSI system must have good disturbance rejection,
excellent voltage regulation, and fast dynamic response.

To improve the aforementioned performance indexes, a number of control algorithms, such
as deadbeat control [12,13], repetitive control [14,15], proportional-resonant with damping control
method [1,16-18], sliding mode control [3,19,20], hysteresis control [21], predictive control [22,23],
adaptive control [24], optimal control [25], and passivity-based control (PBC) [26], have been proposed
for VSIs. Among these control techniques, the PBC is a hybrid control scheme combined with the
instruction predicting feedforward control, the disturbance feedforward control, the decoupling control,
and the negative feedback control. The emergence of the PBC technique has generated a new idea of
the controller design for nonlinear systems [27,28], which has attracted the attention of many scholars,
and the application of PBC on power electronics can be found in [27-39].

Essentially, the PBC controller is designed from the perspective of system structure and energy.
For example, as introduced in [29], the ac-side currents of the converter were well controlled by the
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inner loop of the PBC together with the outer loop of the PI regulator to control dc-side voltage.
The dynamic damping injection for the PBC had been studied in [34] and [35], respectively. In [36]
and [37], the model of a Port-Controlled Hamiltonian system with Dissipation (PCHD) for converters
with different structures was established, and the PBC controller design of the model was realized
through interconnection and damping distribution.

Although the aforementioned research had proven that the application of PBC controllers in
nonlinear systems is feasible and the advantages of better dynamic performance and stronger robustness
can be achieved, the Conventional PBC (C-PBC) controller for the second-order system like LC-filtered
stand-alone VSI is a double-loop controller, where two state variables have to be adopted. Therefore,
more sensors and software resource must be occupied to realize the control scheme and more control
parameters must be selected.

In view of the demerit of C-PBC controller, a modified multi-frequency single loop PBC controller
is proposed for LC-filtered VSI, where the double-loop controller can be simplified as a single loop
controller (only one control parameter), which saves a lot of calculation time, as well as the sensor costs.
Note that zero steady-state error can be also achieved by using an inserted dynamic dissipation term.

The paper is organized as follows. In Section 2, the mathematical model and C-PBC controller are
presented, and the disadvantages of this method are studied. Then, a modified multi-frequency single
loop based PBC controller is proposed in Section 3. The experimental results are shown in Section 4 to
prove that the proposed control strategy is feasible. Finally, there is a conclusion in Section 5.

2. Mathematical Model and Conventional PBC of LC-Filtered VSI

2.1. Mathematical Model of LC-Filtered VSI

Typical structure of stand-alone VSI with nonlinear loads is shown in Figure 1, where the inverter
is a three-level neutral point clamped (NPC) inverter. In Figure 1, C; and C; at DC side are the DC
support capacitors. uy is the three-phase voltage output from the converter; Ly is the filter inductor; Ry
is the line impedance; iy is the inductor current; Cy is the filter capacitor; Ryq is the equivalent parallel
resistance of the filter capacitor and the filter damping resistance; iy is the filter capacitor current; uy,
is the filter capacitor voltage; and iy, is the load current. k = phase-4, b, and c. It can be obtained from
Figure 1,

)

duk Ul . . .
Coar T Ry = ke = Ik~ ko

di .
{ Lygp + Ry = g — tigo

where uy = fi(Sa, Sb, Sc, Udc1, Ude2), the function fi can be calculated by using a modulation strategy,
such as SPWM and SVPWM, and S,, Sp,, and S, are the switch functions.

13

Nonlinear
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Figure 1. Typical structure of the stand-alone Voltage Source Inverter(VSI).

The fast Fourier transform (FFT) method is utilized to achieve a better control performance,
and the main advantages of this modeling method include: (1) it can realize the frequency spectral
decomposition of the AC mathematical model of the series converter, which is convenient for the
control at selected frequencies; and (2) it can realize the transformation from the AC model to the
DC model, which is convenient for DC signal control. In addition, this method can overcome some



Energies 2019, 12, 4548 3o0f15

shortcomings of the conventional modeling method (modelling in d-q axis). For example, [40] had
pointed out that it is only suitable for the modeling of three-phase systems, and the phase-to-phase
coupling occurs during the modeling process, which is inconvenient to achieve individual phase
control. During the modeling, the parameters of each phase of the three-phase system, such as output
filter inductance, capacitance, and line resistance, are assumed to be symmetric.

Here, 1"n & is denoted as the positive Fourier transform matrix of phase-k of the system, and

1"n 3s the i mverse Fourier transform matrix, as shown in Equation (2),where, k =a,b,c,and A =0, -1,

1, respectlvely. x(t) is any finite bandwidth periodic signal, whose period is T, and the bandwidth is
from the fundamental angle frequency w to Npw,

o [ } _ T[ fo ) sin(not + Zm)dt
Xq

kkg fo t) cos(nwt + & r)dt )
I"Ep :[ sin(nwt + &n)  cos(nwt + &n) ]

Note that, Equation (1) can be also decomposed into the sum of nth order harmonic components
as follows,

n=Nm dl n=Nm ) n=Nm
Ly Z o + R Z iy = ngl (up —up.)
n N m gy n Nm n=Nm (3)

Cx Z ko +de n§ uko = Y (zk—zko)

wheren=1,2,..., Ny, and Ny, are the maximum harmonic order; i " is the nth harmonic component
of the inductive current; " is the nth harmonic component of the PWM voltage output from the
converter; uy," is the nth harmonic component of the filter capacitor voltage, and i," is the nth
harmonic component of the output current (or load current). The Fourier transform process from the
nth harmonic AC to DC model of each phase can be represented by the transfer function block diagram
shown in Figure 2.

u () 8_ 1
+ LkS + Rk

Cys +(1/Ryg) up ()

Ul?op (s)

Uikog (9)

(b)

Figure 2. Single Alternating Current to Direct current (AC-to-DC) model transformation using FFT. (a)

single phase ac model, (b) single phase dc model.
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For the nth harmonic system, Equation (3) can be rewritten using FFT transformation as,

.
Lkﬂ—? + Ry —wlily = Up ~ Uy
Lkd—ktl + Rkl;,jq +oldy = Uy —Up
de Lé“” + ﬁ ~oCUy, =T - T
Ck d’;ﬂﬂ + % + wck u?op - II’Zq N Igoq

(4)

The Euler Lagrange (EL) model is adopted to describe the system, and Equation (4) can be

rewritten in EL form as,

Mx+ Jx+Rx=u

L, 0 0 O Re. 0 0 O 0
0 Ly 0 O 0 R, O 0 nwl,
where M = 0 Ok C 0 , R = 0 Ok R%d 0 ] = _lk
0 0 0 C 0 0 0 RLkd 0
Ililp ul}<1p B ulzlop
X = LI[% Land u = Lllgq :I:[Zoq
kop kp  “kop
ulrcloq Illgq - IZoq

2.2. C-PBC Controller for

LC-Filtered VSI

©)

—nwlp 1 0
0 0 1

0 0 —na)Ck
-1 na)Ck 0

The passivity of the LC-filtered grid-tied inverter (GTI) is proven in [39], so it is omitted here.
Define the reference vector as x* = (Ii,™* Iig™* Ukop™* Ukoq“*)T, the error vector is x, = x* — x, then the
error EL. model can be obtained as

Mx, + Jxe + Rx, = Mx" + Jx* + Rx* —u

(6)

In steady state, x. equals to zero. In order to accelerate the speed of convergence, a dissipation
matrix r4 is added to the error system. The dissipation matrix and new dissipation matrix is obtained as

rg = diag( rn 1 1 on ), Ruyew =R+1y

So, the new error EL equation is obtained as

M, + Jxe + RyewXe = Mx" + Jx* + Rx* + ryx, — u

@)

®)

When x, is equal to zero, the conventional PBC control law u can be obtained,

u=Mx + Jx* + Rx" 4 ryx,

)

According to Equation (9), the C-PBC control structure is depicted in Figure 3.
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Figure 3. Conventional Passivity-Based Control (C-PBC) control structure.

From Figure 3, it can be seen that there are two control loops to track two state variables in
the C-PBC controller. Therefore, at least six sensors (current and voltage) must be adopted in the
three-phase system to achieve the control scheme and more software resource must be occupied.
In order to simplify the controller and save costs, a multi-frequency single loop controller is proposed,
which is described in detail in the next section. Note that, the inertia term ﬁ in Figure 2 represents
the time delay caused by FFT.

3. Modified Multi-Frequency Single Loop PBC Controller

3.1. Multi-Frequency Single Loop PBC Control Law

Equation (4) also can be rewritten as

{ Mka}} + Juexp + Rixy, = Uy —x, (10)
Mawxu + Jaxy + Redxjy = 2 — I,

As can be seen from (10), the system variables including xj, and x};,, while x}; is a temporary
variable and I} | is a disturbance variable. Therefore, the two equations in Equation (9) can be combined

to a new EL equation as

Mgy + (Tt + Jdf) + Dicky + K + N2 = uf (11)
- Lka 0 - 0 —Zna)Lka
where, My = ( 0 LGy )’] k= ( 2wl Cy 0 '
_ Vla)Lk L_k
Ty = 0 . (nwRyCy + Ria ) Dy = Ry Cx + R 0 o
anka + dek 0 0 Rka =+ ﬁ
w1 (n0)*LiCi + g 0
k 0 1- (n)’ LG+ g )
d
N — ( Ly O ) gllr(lop +( Rk —nwLy ) Iﬂop X = u‘ﬂop and 1 — ﬁp
: 0 Lk Elﬂoq nwlL Ry Pl:oq : uﬂoq 5 Uﬁq

It can be seen from Equation (11) that the EL equation of the system becomes a higher-order
equation. Here, select a stored (Lyapunov) function
1 .n

. n 1
Hy = E(xk)Tkak + E(XE)TkaE (12)



Energies 2019, 12, 4548 6 of 15

Taking the time derivative of (12), it yields

- n .n\T .n\T . .n\T .n\T
Hy = (i) uy = (%) Dixie = () Nj < (3) () = NY) (13)

According to the passive condition, it can be seen from (13), the system at harmonic high-order is
strictly passive. Therefore, the PBC can be designed on high-order nth harmonic system.
Redefine the reference vector and error vector of the nth harmonic voltage of the filter capacitor as

T
* * * _ * n
x{(l - [ wl:ﬂp uﬂoq ] 4 xﬂe - xi(l - xk (14)

If the Equation (14) is taken into Equation (11), the higher-order EL equation of the nth harmonic
error system of the series converter can be obtained.

My, + (T e + T X, ) + Dy, + Kial,

. . e . (15)
=Mxy + (Jx + ) + Dixy + Kpa + Np — )

Similarly, an additional dissipation term should be added on both sides of (15), note that, the
dissipation term in conventional PBC is static, where the steady-state error will occur if the parameters

drift [38]. In order to achieve zero steady-state error, a modified dissipation term named dynamic
dissipation term is adopted and it can be written as

T;
Trew = Teg¥e T ki f X dt (16)
0
where, 1}, = diag(ry, > 0,1 > 0), ky; = diag(ky* > 0,k > 0). And (16) should be satisfied
1 - (nw)’LxCx + (Ri/Ryq) + 114 > 0 (17)
Then, the new error EL model can be obtained,

My, + (J5 e +I“kx{:e) + Dy + (KD 40 a4+ K [ a0 dt

1 (18)
= My + (J5 xk +I50) + Dyxy + Ky + 1 xp, + kg fo xp dt + Np —u
If the right side of (18) is set to zero, the error dynamics can be stabilized as
T;
. ‘N
My + (i Xe + Iox0) + Diee + (K3 + 72 y)x, + kﬂi\fo‘ xp dt + Ny —up =0 (19)
Therefore, the high-order PBC control law is
T
= MY (0 + T + Dl Kl + ol K [t e N o)

In order to analyze the global stability of the modified error system, a storage function is selected as

1 P R
R, = 5600 M+ 3 (0T g o+ 50 THE [ e e
Taking the time derivative of (21), it yields
-n n T .
Hye = _(xrkle) Dkxﬂe <0 (22)

. n
Since H}, > 0 and Hy, <0, the error vector can asymptotically converge into zero, according to
the Lyapunov stability criterion. In summary, Equation (20) is the modified multi-frequency single
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loop PBC control law. The modified control structure diagram is shown in Figure 4, where Tj is a
newly added controller parameter called the coefficient of dynamic dissipation term. 1/(Ts+1) is a
delay term exited in the control system, which causes a fixed dominant pole p = 1/T,. According to
the principle of pole-zero cancellation, let z = 1/T; = p = 1/Tw, so T and T, can be obtained as
T; =Ty, =0.02.

From Figure 4, it can be seen that the PBC controller becomes a single loop controller. Therefore,
only one control parameter (damping gain) should be selected, which will simplify the controller
design. Furthermore, less hardware and software resources are needed, which can save the costs and
reduce the failure rate of hardware.

’(LI:S + R )(Cps +(1/ Ryp)) — (n0)* Ly G, +1

1
LRl
@
1 +

N (Ts+1) Y Ul () ¥~ + Ubop(5)
- & & —
Tis 1.5Ts+1 U (s)
p

{0 (Lps + Re) + noLg (Ces + 1/ Rap)

LG (Lgs + Ry) + 1oL (Cgs + (I Ryp)
A (Ts+1)

Uiy (s) n
Ufiq ) " *l + ka Ufoq ()

1 1
@ @@l ® ~
£ Ts 1.5T,s+1 T Cs+(1/Ry)
- i Houaofs 1 - Ry
n
’(LE.V + R )(Cps + (1 Ry ) — (nw)? L Cg +1 Teog ()
1

= !

.

Tps+1

Figure 4. Modified multi-frequency single loop PBC control scheme.
3.2. Control Parameter Selection for the Multi-Frequency Single Loop PBC Controller

Note that the minimum value of designed control parameter can be obtained from (17). Since the
control system shown in Figure 4 is a MIMO high-order system, a feasible selection principle about the
control parameter is similar to the method introduced in [38], which can be summarized as follows:

Firstly, according to the root trajectory of the open-loop transfer function of the system shown in
Figure 4, find the maximum value of the control parameter 4" at selected frequencies.

Secondly, select the appropriate control parameter 74", according to the step response of the
closed-loop transfer function (Equation (23)) of this system, where it is appropriate here to set the
control parameter g™ = 0.2.

n n * n n
UEOP(S) }_ Ggpp Ggpq UEOP(S) + Gipp Ipq [ IEOP(S) (23)
Ukoq(s) Gqu Gqu ujlzoq(s) qup Iqq Iﬁoq(s)

3.3. Performance Analysis for the Propsoed PBC Controller

Unit step responses of the modified control system are shown in Figure 5. Let the parameters
L # Lg, R# Rg, C # Cg and Ry # Ryg, where the variation ranges of these parameters are both + 50%,
and the simulation parameters are as shown in Table 1. The frequenciesn =1, 9, 17, and 25 are selected
to simulate the system under on-load condition when parameters drift. It can be seen from Figure 5
that, although L # Lg, R # Rg, C # Cg and R4 # Rq4g, the unit step responses of the forward channel of
the modified control system equals are equal to 1 in the steady-state, the unit step responses of the
coupled channel are equal to 0 in the steady-state, and the satisfied dynamic performance also can
be obtained.
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Figure 5. Unit step response of the modified control under different situations.
Table 1. Simulation parameters.
Parameter Value Parameter Value Parameter Value
R 010 Lg 0.9 mH Q 100 7trad/s
L 0.9 mH Rgg 200 Q) 74 0.2
R4 200 O Cg 10.0 uF T; 0.02s
C 10.0 uF Tw 0.02s
Rg 010 Ts 100 us




Energies 2019, 12, 4548 9of 15

4. Experimental Verification

The whole converter structure shown in Figure 1 is adopted for the experimental platform.
The nonlinear load current is realized by using a three-phase uncontrolled rectifier bridge with a
resistor (11 Q2) and inductor (0.5 mH) load. The overall control scheme is shown in Figure 6, where the
fundamental frequency peak reference voltage iy, = 110.0y/2 V and uyq"" = 0.0 V; harmonic frequency
peak command voltage ukp“* =0.0 Vand ukqn* = 0.0 V; and the DC link capacitor voltage 1g. = tgc1 +
uge2 = 400.0 V with C; = C; = 5.44 mF. Processor TMS320F28335DSP is used and the sampling and
switching frequency are both 7.5 kHz. The execution time of the main programs is shown in Table 2
and the experimental setup is shown in Figure 7. Note that, the execution time of control algorithm at
every selected frequency of the proposed PBC is 16 us, while it is 20 us in the conventional PBC (not
shown in Table 2). Therefore, about 25 percent of time reduction is obtained.

L

o1 w [ B ghulfy loph ]
S T LU & e e T
leo N co c U 2T
Red| Rod| Rad 4
Nonlinear .
Loads Uio Control Object {
oads CoCs]Ca i

Figure 6. Overall control scheme.

Table 2. The execution time of the main programs.

Procedural Content Execution Time
Sampling period 133.33 us
Control algorithm at every selected frequency 16 us
ADC 8us

Protection and communication 8 us
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Overhead view of LC-filrered GTI

Figure 7. Experimental setup.

As the nonlinear load used in the experiment mainly produces 6 m + 1 order harmonic currents,
wherem =1, 2,3, ..., its influence on the voltage is also concentrated at these harmonic frequencies.
However, the harmonic current after the 19th order is already low, so its influence on the voltage
formation at the point of common coupling (PCC) is weak. Therefore, in this experiment, the
fundamental frequency and the 5th, 7th, 11th, 13th, 17th, and 19th frequencies are selected as the
main control object for the experimental verification of the proposed multi-frequency single loop
passivity-based control scheme.

Experiments are carried out to verify whether the reference voltage tracking (the fundamental
wave voltage output and the harmonic voltage suppression) can be achieved, especially when the
accurate mathematical model of the control object cannot be obtained. The experiments include five
cases as following,

Case (1) Set the default estimation values Lg, Rg, Cg, and R4g in the controller to the nominal
values (L, R, C, and Ry) of the actual device, namely, let L = L= 0.9 mH, R =R =01, Cg = C =10 uF,
and Rqg = Rq =200 ; Case (2) Reduce Lg, artificially by 50% to let Lg = 0.45 mH # L, and keep other
model parameters unchanged; Case (3) Increase R, artificially by 50% to let Rg = 0.15 Q) # R, and keep
other model parameters unchanged; Case (4) Reduce C artificially by 50% to let Cg = 5.0 uF # C, and
keep other model parameters unchanged; Case (5) Increase Rqg, artificially by 50% to let Rqg = 300 () #
R4, and keep other model parameters unchanged.

The results of the five-group experimental data are shown in Figure 8a—e. Each group of figures
contains the filter capacitor line voltage and load current waveforms, as well as the histogram of the
corresponding harmonic voltage content at 6 m + 1 order.

The experimental data are organized in Table 3. The phase-ab line voltage u,}, of filter capacitor
is taken as an example for analysis. THD represents the total harmonic distortion rate of uoap, Uoab1
represents the fundamental frequency content of u,, which can be obtained from the histogram, and
n' represents the percentage of each harmonic content to the fundamental frequency content.

As seen from Table 3, the line voltage fundamental values of the five-group experiments are
between 190.4 V and 190.6 V, and the error among the command values is between —0.05% and +0.05%,
the maximum THD is <1.6%, the maximum percentage of other selected harmonics content is <0.2%.

It can be concluded that, the modified multi-frequency single loop PBC controller can track the
command signal accurately at selected frequencies with less sensors.

Besides, the second group of experimental parameters are used to verify the dynamic performance
of the modified multi-frequency single loop PBC controller (because the change in inductance exerts
the greatest impact on the system). The step dynamic response of the voltage command under no-load
condition is shown in Figure 9a, and the current disturbance under the condition of step load changes
is shown in Figure 9b. And the dynamic response using conventional PI control is shown in Figure 10.
It can be seen that the modified multi-frequency single loop PBC controller has satisfactory dynamic
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performance under both no-load (where the regulation time is 0.02 s) and on-load (where the regulation
time is 0.05 s) conditions, and the response time is faster than conventional PI control (where the

regulation time is 0.07 s).
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Figure 8. Experimental data using multi-frequency single loop PBC controller under different situation,
(a) Case (1), (b) Case (2), (c) Case (3), (d) Case (4), (e) Case (5).

Table 3. Experimental results from Figure 7.

Group THD  ugp1 5th 7th 11th 13th 17th 19th
Ref. \ 190.5 0.0 0.0 0.0 0.0 0.0 0.0
1-MPBC 1.6 190.6 0.1 0.1 0.1 0.1 0.1 0.1
2-MPBC 1.5 190.5 0.1 0.1 0.1 0.1 0.1 0.1
3-MPBC 1.6 190.4 0.1 0.1 0.1 0.1 0.1 0.1
4-MPBC 1.6 190.6 0.1 0.1 0.1 0.1 0.2 0.2
5-MPBC 1.6 190.6 0.1 0.1 0.1 0.1 0.1 0.1
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Figure 9. Dynamic response of the improved multi-frequency cascade passivity-based control, (a) under
no-load situation, (b) under on-load situation.
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Figure 10. Dynamic response of the Proportional Integral (PI) control.

5. Conclusions

In this paper, a multi-frequency single-loop passivity-based control strategy is proposed in the
frequency domain for the LC-filtered stand-alone VSI, where the FFT transformation and dynamic
dissipation term are adopted to achieve the frequency spectral decomposition and zero steady-state
error. The advantages of the proposed control strategy include:

(1) Less control variables, less hardware and software resources are occupied, thereby the calculation
time can be saved a lot.

(2)  Zero steady-state error can be obtained by using the dynamic dissipation term, while a satisfactory
dynamic performance can be gotten under both no-load and on-load conditions.

The experimental results on a 3-phase/110 V/6 kW prototype has verified the proposed control
scheme, which making it efficient to extend the multi-frequency passivity-based control to engineering
practice, even for higher-order systems.
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