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Abstract: Passivity-based control (PBC) seems to be predicted for the control algorithms in the
voltage source inverters (VSI) for voltage backup systems. This paper presents limitations of the
improved (IPBC) version of the PBC (directly measuring the output voltage) maximum voltage and
current gains. In a microprocessor-controlled inverter, these depend on the PWM modulator dynamic
properties, the switching frequency, the modulation index value (avoiding modulator saturation and
enabling the rapid increase of the filter inductor current), and the parameters of the VSI output filter.
A single switching period delay of the digital PWM modulator was considered in the theoretical
calculations based on a discrete inverter model. The simulations for the standard nonlinear rectifier
RC load enabled the initial adjustment of the IPBC border gains, which depended on the switching
frequency. Some small harmonics oscillations of the output voltage were acceptable for the test
rectifier RC load or dynamic load. However, oscillations of the inductor current increased the power
losses in the coil core. Experimental verification of the simulation results using a laboratory VSI
model is also presented.

Keywords: voltage source inverter; passivity-based control; control law; non-linear load

1. Introduction

Passivity-based controls (PBC) were introduced into control algorithms more than
20 years ago. PCB is a method reminiscent of standard Lyapunov methods [1]. At first, it
was used in electromechanical systems as an Interconnection and Damping Assignment
Passivity-Based Control (IDA-PBC) [1,2]. More recently, different PBC versions are among
the most promising control systems for voltage source inverters that work on-grid [3,4]
or off-grid in AC voltage backup systems, single-phase voltage source inverters [5-9], or
three-phase inverters [10-12].

AC voltage backup systems, e.g., uninterruptible power supplies (UPS), have re-
quirements associated with the distortions of the output voltage for precisely defined
loads [13-16]. All investigations should consider two basic standard loads—nonlinear
rectifier RC with PF = 0.7 (PF is a product of the displacement factor and the distortion fac-
tor [17]) and the dynamic load. The component non-linear load values have been precisely
defined elsewhere [13]. A VSI should reduce the value of the Total Harmonic Distortion
(THD) coefficient of the output voltage (for Low Voltage < 1 kV, THD < 8%, harmonic
amplitude maximum < 5%). This was a typical load for a UPS with an output power of
less than 3 kW and is the subject of our research.

The undershoot, overshoot and settling time for a dynamic load change were 20-100%
and 100-20% as defined in [13] for other VSI output voltage parameters. For a load step
increase during the first switching period, the feedback loop does not work due to the delay
of the PWM modulator—the output capacitor should contain a stored charge, and the
step increase of the voltage would be forced on the output filter inductance. Step voltages
that increase at the output sinusoidal voltage maximum point only have amplitudes of
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(1-M)*Vpc, where M is the modulation index and Vpc is the input DC voltage of the
inverter. We should force a rapid increase of the current through the filter coil (lower
inductance values mean better control). In the case of a step load decrease (the worst
case is at the voltage maximum), the output overvoltage depends on the capacity of the
output capacitor and the instantaneous inductor current. The filter inductor works as
the current source (the feedback has a one switching period delay) that forces the charge
flow to the output filter capacitor for the switched-off load, which results in a voltage
overshoot. The feedback works during the next switching period. The quality of the output
voltage decreases for overly large filter inductances values, a capacitance that is too low
(a large capacitance results in the reactive power in the output filter components, which
causes excess power losses on the equivalent serial resistances of the inverter), and an
excessive modulation index, which eliminates the possibility of a rapid increase of the filter
inductor current.

In our opinion, the main problem with the PBC design stems from setting up the
gain values (the “injected resistance” R; for the inductor current control and the gain Ky
of the output voltage error in the improved PBC-IPBC versions) when considering the
technical possibilities of a digitally controlled inverter. Higher gains correspond to higher
rates of theoretical error convergence; however, a real system with a control loop begins
to oscillate. A basic theoretical analysis of the root locus of the characteristic polynomial
of a closed-loop system showed that a positive sum of the injected resistance R; and the
equivalent serial resistance of the inverter and a positive voltage error gain K, [5,10] was
required for the convergence to zero of the tracking errors and maintaining the stability
of a system. While the real parts of these poles in a continuous model are theoretically
always negative in the s-plane [12], the nonzero imaginary parts in the restricted gain
ranges also caused oscillations. Simulations of a VSI with discrete control and experimental
verification for a standard nonlinear rectifier RC load proved that increasing IPBC gains
from zero initially resulted in a reduction of the output voltage THD coefficient. In the
short-range of the IPBC gains, THD was almost the same and additional increases of the
R; and K, gains increased the THD oscillations of the output voltage [9,12]. R; and K,
values (their product) always merit consideration. Authors of previous publications tried
to determine the upper limitations of the controller gains. A reduction of the injected
resistance without considering K, in [5] was insufficient in our experiments with an IPBC,
which was based on the idea of an IDA-PBC control law presented in [10]. Ideas presented
in [5] comparing the limited carrier slope in a PWM modulator with the derivative of the
control voltage (this derivative should not be faster than the carrier slope in the modulator)
were further developed in this paper. We did not consider the carrier slope, but rather the
maximum speed of the output PWM modulator voltage increase/decrease (the derivative
of the control voltage). A wider discussion of this problem that considered the output
voltage error gain K, was presented in [12]. This paper focuses on the dependence of the
maximum allowable gains on the switching frequency of an inverter that was not focused
yet. The theoretical analysis, results of MATLAB-Simulink simulations, and experimental
VSI model measurements results (controlled with an STM32F407VG microprocessor) were
examined at three switching frequencies (12,800 Hz, 25,600 Hz, and 51,800 Hz).

The authors sought to create a control law readily utilized by an engineer-designer of
a voltage source off-grid inverter. There are many approaches to the nonlinear modeling
of an inverter. The simple linear approach treats the whole inverter plant as an LC filter
and one switching period delay in series [9,18-20]. The PWM modulation scheme requires
dead time implementation between switching on the transistors from the same bridge
leg [19,20]. The dead time causes a step decrease of the output voltage when the load
current crosses a zero value. This can be treated as nonlinear [21]. However, new switching
devices require a short dead time (<500 ns, and was the problem with the “current tail”
for older technology IGBTs). The serial resistance and inductance of the filter coils vary
and depend on the switching frequency, the coil current, and temperature [22-24], which is
important for the cheap iron-powder coil core materials. For the alloy powder materials



Energies 2021, 14, 4560

30f19

such as Super MSS (Micrometals), this was less important [23,24]. Some approaches for
describing the nonlinearity of the coils in the output filter have been reported [25]. We
could neglect these nonlinearities for the alloy-powder material, for a constant switching
frequency, and the coil current changes around to the operating point.

When creating an inverter model, we usually approximate the PWM modulator as
a linear function of the input voltage. We were mindful that when we solved the state
equations, the output voltage was an exponential function of the switching on time. We ap-
proximated this function with the linear function proposed many years ago [26,27]. Using
a double Fourier transform to describe the nonlinear switching function of a converter in
the steady-state of an inverter was possible [28]. One approach for analyzing a PWM using
the double Fourier transform was initially reported nearly 50 years ago [29,30]. The small-
signal models can be compared with the nonlinear model of a switching power electronic
converter using the black-box identification method, called the Hammerstein model. In this
model, the nonlinear static and linear dynamic characteristics can be considered separately
to create an identification model of a power electronic system. The Hammerstein model
consists of a static nonlinearity followed by a linear and time-invariable model [31].

The authors used a continuous linearized model [9,18-20] with a delay in the PWM
modulator in this discussion of the switching frequency influence on the design of an IPBC
controller. The discrete control law, which has six coefficients (three of the products of the
coefficients and the mutually shifted reference voltages can be presented in the form of
the initially calculated look-up tables) is easily implemented in the microprocessor-based
controller of a VSI.

Section 2 presents the fundamentals of the PBC controller design and its difference
control law. Section 3 contains the calculations that enabled us to determine the border
values of the PBC gains above which the oscillations of the output voltage existed due
to the technical limits of the inverter and the switching frequency. Section 4 presents the
simulations of the VSI operating with the nonlinear rectifier load (according to [13]), the
most representative kind of load for the device tests (<3 kW) for the different switching
frequencies and different parameters of an inverter filter. Section 5 includes a discussion of
the simulation results. Section 6 gives the experimental verification of the simulations from
Section 4. Section 7 discusses the experimental verification results and the differences in
the values of the border PBC gains in simulations and a real inverter (different scaling of
the input variables).

2. Fundamentals of PBC Controller Design

Figure 1 presents the schematic of a multi-input-single-output (MISO) controller in
which the load current is treated as an independent disturbance (e.g., [10,32]). While this
helps eliminate the load impedance in the control law, feedback from the output voltage
to the load current disappears. In some cases, this simplification significantly changes
the locus of the characteristic equation poles for a closed-loop system [19]. We used the
inductor current and output voltage as the state variables, the load current as a disturbance,
and the delay, T, as the modulator model.

Inverter bridge
PWM(/, =50z, 1) i as a disturbance

—1_1_1 e Ly L Louy

Ve 4’)_5 Your Lour
Ve h

PWM IPBC
Modulator H Controller
3 level, 2 edgel
Kopds) =
=.exp(sT)

Figure 1. Simplified concept of a MISO control in inverters.
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A PBC is based on the concept that when the supplied energy in a system exceeds
the stored energy, the system is passive. The energy in an inverter is stored in two non-
dissipative components—the filter coil and the filter capacitor. The energy stored in a
system Equation (1) is described by the Hamiltonian function H(x) (in some papers [5],
H(x) is called a Lyapunov function).

1 .
H(x) = E(LFILFZ + Cruour?) 1)

That explains why we used the products of Equation (2), Lri;r and Crooyr, as the
state variables (for the other control systems, we used i;r and voyt as state variables).
, T
x = [ Lrirr Croour | )
The error vector e is defined Equation (3) where i s and voyryr are the reference
values (i pyf is calculated, voyTyer is assigned).
. Lr(iLF = iLFref)
F(vour Uoumf)
The stored energy of the error values comes from Equation (4).

1

H(e) = E(LF(iLF —irEref)” + Cr(vout — outrer)’) 4

The equilibrium of a closed-loop system is asymptotically stable [2] and achieved
when H(e) minimizes (5) in X = Xyf.

oH (e)
ox

_, PHE
T 9x2

X=Xpref X=Xref

>0 ®)
The system is passive when the energy H(e) of the error decreases with time; therefore,
if the time derivative, H(e), is negative in Equation (6),

dH(e)
dt

<0 (6)
Equation (7) describes a closed-loop system [10].

. _ Lr 0 _ /Ly 0 _
ée=[J— (R+R,)]P 1e,P:{ oF CF},Plz{ /OF 1/CF],Ple:aH(e)/ae (7)

where the interconnection matrix, J, and the damping matrix, R, are defined as Equation (8).

|0 -1 | Rer O
=0 r=] D ®
R, (the PBC controller) is the matrix of the injected damping, R; is the gain of the
current error, and K is the conductive gain of the voltage error in Equation (9).

R, 0
R[5 g ] ©)

Equation (10) describes an open-loop system where m(t — T;) is a delayed control
function (the delay of the PWM modulator) from the previous switching period.

x=[J—R]P 'x+ [ Vgc }m(t—Ts)—i- [ _01 }iom (10)
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To obtain the control law (11), we subtracted (7) from Equation (10):

m(t —Ts)Vpc } [ Lpdipprer/dt } [ (RLF + Ry)irFref + Poutres } [ Riirp } [ 0 } .
— + i — =+ 1 11
[ 0 Crdvoutyer/dt —iLFref + KoVoutref Kyvour 1 |our (1)

Hence, we have the equation of the control law Equation (12) with Equation (13).
ocrrL(t — Ts) = Ledipprer/dt + (Ror + Ri)ivpres + voutrer — RilLF (12)

iLFref = CrdvOUTref /At — Ko(vouT — Youtres) + iour (13)

A difference control law that considers the T delay of the modulator is Equation (14)
with Equations (15) and (16)—we have to predict state variables for the k + 1 switching period.

i1 prep (K1) —ip prof (k . .
vcrre (k) = LFW + (RLe + Ri)ipres(k + 1) +vourtres (k +1) — RiiLp(k+1) (14)

vourtref (k) — voutref(k — 1)
Ts

iLFref (k) = Cr + Ko [voutref (k) — vour (k)] +iour(k) (15)

_ or (1) —v0ues (k .
iLFrep(k+1) = pr + Ko[voutref(k +1) — vour (k +1)] +iour(k +1) (16)

B

3. The Influence of the Switching Frequency and Output Filter Parameters on the
Border IPBC Gains

Using the inverter state Equations (17) and (18) is the simplest way to predict the
vour(k + 1), ipp(k + 1) and, finally, to calculate ipyr(k + 1). The presented calculation is
based only on a discrete model of an inverter [18-20].

vour(k+ 1) = @uvour (k) + @12irr (k) + ¢13iour (k) + g110crL (k) (17)

irp(k+1) = @a1vour (k) + @22iLr (k) + @a3iour (k) + g219cTRL (K) (18)

where the coefficients are presented in Equation (19):

— RiFe - _1
(:Fe = 0'5WFOLFe’ WFro = VLFCr’

Ca = cos(wroTs) exp(—CrewroTs),

Sa = sin(wroTs) exp(—CrewroTs),

¢11 = Ca +EreSa, P12 = = Sa,

913 = —grcrSa — (1= Ca — EreSa)Rere,
¢21 = — Gy Sas ¢22 = Ca — EreSa, 19)
$23 =1—Ca —CreSa,

931 =0, =0, p33 =1,

Cg = cos(wpoTs/2) exp(—CrewroTs/2),

Sc = sin(wpoTs/2) exp(—GrewpoTs/2),

g1 = wroTsS6, 821 = 1. Ts(Co — EreS), 831 =0

The output current in the next switching period, ipyr(k + 1), was readily calculated
as the difference between the inductor current and the output filter capacitor current in
Equations (20) and (21).

FUOUT(k +1) —vour(k)

iOUT(k+1) :l.Lp(k*Fl)*C T
s

(20)

iour(k+1) = [gn1 — F (@11 — D]vour (k) + (922 — Fpra)iLe (k) +

. 1)
+(92 — Fprz)iour (k) + (g1 — Fgn)ocrre (k)
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The reference inductor current in the next switching period was calculated using the
state space Equation (22).

Z'LFref(k + 1) = (% + KU)UOUTref(k + 1) - %UOUTref(k)_
+lpa1 — (F +Ko)onr + FElvour (k) + [p22 — (5 + Ko)pralive (k) + (22)
+[g2 — (T + Ko)usliour (k) + [g21 — (F + Ko)gulocrre (k)

The predicted increase of the reference inductor current in the next switching period
is described with Equation (23).

irFref(k+1) —ippref(k) = (% + Ko)voutres(k+1) — (2% + Ko)vourres (k) + %Uoumf(k -1)
+pa1 — (CTf +Ko)pn1 + CTf + Kolvour (k) + [22 — (% + Ko) p12]irr (k) + (23)
[p23 — (% + Ko) @13 — iour (k) + [g21 — (% + Ko)gui]ocrre (k)

The difference control law of the IPBC of a single-phase inverter, which considers the
delay of the PWM discrete modulator is expressed by Equation (24).

verre(k) = Avrer1Poutres (k + 1) + AvrEF2VouTref (k) + AVvREF3VOUTRf (K — 1)+
+Avoursvour (k) + ArrsiLr (k) + Aroutsiour (k)

(24)
where Equation (25):

R, = %-FRLF-FRi, K., = %-‘—KU
AyRep = (ReRe +1) /

1+ReKeg11— (5 +RLF) g2
AVREF2 = 7%&2%1@ ,

1+ReKeg11*$T*§+RLP)321

— wp*Ts?

Avrers = 1+ReKeg11*(LT*§+RLF)821, (25)

—ReKe(P11+(LT{+RLF)<P21+CT§Re+LT{Ke—ﬁ
Avours = H—

1+ReKeg11—(LT§+RLF)821

—ReKe¢12+(%+RLF)¢22

14+ ReKog11— (£ +R1p) g

—R6K6¢13+(%+RLF)¢2 - %
1+ReKeg11_(%+RLF)821

AlLFs

Ajouts =

However, we can use the reference voltage shifted by one switching period and the
final discrete control law used is Equation (26).

verreL (k)= Avrer1voutres (k) + AvrEF2VouTref (kK — 1) + AvrEF3VOUTYef (K — 2)+

. . (26)
+Avoursvour (k) + Arrrsipr (k) + Ajoursiour (k)

The calculated values of the variables in the next switching period might be inaccurate
because we use the discretized model of the inverter directly [18-20]. More exact results
were obtained when we would estimate the state variables at the next sampling instant
using the full order state observer [33,34]. We would use the same state equations but
would sum them with the gain matrix of the estimator multiplied by the difference between
the measured and estimated system output variable (the output voltage). However, the
complexity of the calculations is difficult to use in practice, though additional simulations
showed that the simplified approach was satisfactory.

The basic frequency of the closed-loop system oscillations was caused by the higher
speed (derivative) of the control voltage increase than the speed (derivative) of the PWM
modulator control voltage change. The restrictions of the PBC gains depend on the maxi-
mum speed (derivative) of the PWM modulator control voltage increase. The maximum
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increase speed of the vcrry, voltage in Equation (27) cannot be faster than the maximum
increase speed of the PWM modulator control voltage.

vcrre (k) —verre (k=1) AvouTref 4

~ (Avrer1 + AvRer2 + AVREF3) —,
Uour(k)*;som(kfl)) +A1LF5(1'LP(’<)*%F(7€*1)) +AIOUTé(iOUT(k)*TI;ouT(kfl))

s

(27)

+Avoura(

The maximum increase speed of the sinusoidal reference voltage, Vo is expressed
using Equations (28) and (29), where M is a modulation index.

d(MV, in(2 t
(MVpesin27508)) | _ 311, 575 (28)
dt max
vOuTref(k+1)7vOUTref(k) ~ Uoumf(k)*voumf(k*U ’
Ts ~ Ts
~ UOUTref(kfl)*UOUTref(’IgE% ~ Avoutre o (29)

= MVDCzTL'5O

S

max s max

The maximum speed of the output voltage increase will occur for a step load decrease
to zero for the maximum control voltage when the filter inductor operates like the volt-
age source irr and loads the charge to the output capacitor Cr. For this calculation, we
approximated the inductor current as constant during one switching period in this case
Equation (30). We did not consider a short circuit of the inverter output.

k)— k—1 irp(k .
vour (k) ;OUT( ) _ AUTQUT ~ lLé( ) ’_\iDc Ty < ipp(k) < VLDC T,
s max s Imax F |max F F (30)
— Voc 1.~ Bvour Vpe T
LrCr 78 Ts max,min LeCr 7¢

The maximum speed of the increase/decrease of the inductor current occurred for the
zero crossing of the output voltage Equation (31).

ip(k) —irp(k—1) _ Aip Ve o Qi

Vbc
, “oc 31
T, . I ° T < (31)

Lr

max,min

The maximum increase/decrease of the output current caused by the control action
can be equal to the difference/sum of the inductor current increase and the output capacitor
current increase/decrease (Equation (32)). We did not consider a short circuit of the inverter
output when the changes of the output voltage and the current were much higher and
depended on the parasitic resistance of the capacitor. The value obtained from Equation (33)
is only indicative.

iour(k) —iour(k—1) _ Aipur _ Air F AvourCr/Ts _ Airr - Avoyur C;

32
TS TS TS TS TS 2 ( )

Aiour Vbc
—OUlL 2 D¢
0< T. < I, (33)

max,min

It should be noted the assumed maximum values of the increases of the voltages and
currents only appeared in specific cases of the dynamic load change, e.g., when the current
to the load was cut off by the rectifier diode for a rectifier RC load. This is the standard [13]
load for UPS systems up to 3 kW. We calculated the maximum value of (Avcrrr / Ts)max
using Equations (27)—(33). The speed (derivative) of the voltage increase in a three-level
PWM modulator is expressed by Equation (34).

d(TisVDC) o Vbe

h T, 4
T Ts,wereO<t< s (34)
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The final indicative inequality that should be maintained to avoid oscillations is shown
in Equation (35).

doctrr _ Vpc verri(k) —verri(k—1)  Vpc
it T, ’ T, < T (35)

The simulations shown in Figure 2a— (for L = 1 mH, Cp =50 uE, Rir =1 ), and
M = 0.5) for three switching frequencies (12,800, 25,600 and 51,200 Hz) help estimate the
border values (below the control voltage oscillations) of the voltage gain K, (Figure 2d) as
a function of the current gain R;. Ryr equals the serial equivalent resistance of the inverter
when power losses in the inverter are considered [22-24].

Ao/ Vo) /e, 1/ T,[175] AV / V) 1d, 17T, [1 7 5]

no oscillations

(b)
—max(KR)IL/Ql

f=1/T.=51,200 Hz

oscillations 1

=3
= 1.5} oscillations
o £=1/7.=25,60

W= 12,800 Lz

30 40 50
R, 191

(©) (d)

Figure 2. Determining the border gains (d) of the IPBC controller for different switching frequencies (12,800 (a), 25,600 (b),
and 51,200 Hz (c)) when Ly =1 mH, Cr =50 uE, Rpp =1 Q), and M = 0.5.

The border values of the IPBC gains depended on the parameters of the output
filter. Figure 3a-d show the border gain dependence as a function of the filter inductance,
Lr =0.5-2mH, for Cr =50 uF, R =1 Q, M = 0.5, and f; = 25,600 Hz.

Figure 4 illustrates how the border gains depend on filter capacitances Cr = 10-100 uF
for Lp =1mH, Rjp =10, M =0.5, and f; = 25,600 Hz.
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dWery / Vi) /A, 1/ T [17 ]

P
=3 o

(a)
AV, ! Vi) 1, 1/ T [1/ 5]

e e

dWerm / Vae) /de, 1/ T [17 5]

10
R, [0] = K[1/o]
(b)
max(K(RN[1/Q
1- f=1/T=25600Hz,1,—2mH-
i
=075
X 05
025r
0'
50
R, €]
(d)

Figure 3. Determining the border gains (d) of the IPBC controller for a constant switching frequency f; = 25,600 Hz and
different inductances Lr (0.5 (a), 1.0 (b), 2 mH (c)) when Cr =50 puF, R =1 Q), and M = 0.5.

AV ! V) /1 de, 1/ 7,17 5]

K[1/9]

(a)
Aerer / Vi) 1AL, 1T T [1/5]

T

B .

R[] 4% kg

(0)

AV ! Vi) 1A, 1/ T [17 5]

¢ kn/al

(b)
max(K(R)) [1/ Q]

£=1/T.=25600Hz, C, = 80 uH
0 1l 1

Figure 4. Determining the border gains (d) of the IPBC controller at different capacitances Cr (20 (a), 50 (b), and 80 uF (c)),

for L =1mH, R;r =1Q, M =0.5, and f; = 25,600 Hz.



Energies 2021, 14, 4560

10 of 19

Vour IVL, 10% £y [A]L 200 % vy,

The dependence of the maximum IPBC gains on the switching frequency, the output
filter inductor, and the output filter capacitor are presented in Figures 2—4. Higher inductor
and capacitor values correspond to higher PBC border gains. The assumed values of
the possible changes of the inductor current, output current, and output voltage were
only indicative.

4. Simulations of a VSI with an IPBC for a Nonlinear Rectifier RC Load

The simulations in MATLAB 2020b should determine initially identified areas of IPBC
gains without control voltage oscillations (Figures 5a,b and 6a). The standard nonlinear rec-
tifier RC load (PF = 0.7) was selected based on the results reported in [13]. However, gains
over the border values, which caused some oscillations of the control voltage (Figure 6b),
resulted in lower distortions of the output voltage (lower THD).

IPBC, Vours Lo

Vors R = .109 Q,C= 4}9 HE IPBC. Ve Loy Vegus R =100 Q, C =430 plF

20 L — T
v max(K (R [1/ 0] = max(K(R)) [1 /€]
our ST 1 T 17— =150 F Your 1] [ 1 A=
) Soa P ] = connol_voltage
Vergr . control voltage = Ve oscillations
= oscillations = 100 = area
i s i -
our M“‘. R = 50 oLT d & 1
‘o g 1] g 0 RE 0
5 50 5
j‘, 12,800 [Hz] ~3 f¢ = 25,600 [Hz]
1 * 50 o= 1
R=5]0Q] = R=10[0Q]
=100+ 1
K =02311/Q] >, K, =0.69[1/Q]
1 -150 1
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Figure 5. Border values for the rectifier RC load gains (Cr =50 uF, Lr = 1 mH, Rjr =1 Q, and M = 0.5, load: R =100 ),
C =430 pF) for (a) fs = 12,800 Hz and (b) fs = 25,600 Hz.
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Figure 6. The border values of the gains (a) and the gains over the border values (b) of the output voltage, which resulted in
a control voltage saturation for the rectifier RC load (f; = 51,200 Hz, Cr =50 uF, L =1 mH, Ry =1 O, and M = 0.5, load:
R =100 Q) and C =430 pF).

In simulations and the experimental inverter, the first scheme of a three-level double
edge PWM modulation was used [19,20,22] in which the frequency of the bridge transistor
switches is a double 2f; switching (control) frequency f;. Some small additional power
losses [35] occurred when we allowed small oscillations of the inductor current. The power
losses in the magnetic material of the filter coil core (neglecting so-called excess power
losses) are shown presented as (36) where k; is the coefficient of the hysteresis losses and
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ky is the coefficient of the eddy current losses and the flux density is a linear function of
the magnetizing current. We used a Super-MSS (Sendust) alloy-powder (soft magnetic
material) core [36,37] (MS 184075-2) for which the hysteresis power losses were much lower
than the eddy current losses (k1 << kafy).

Plosses = :;1 ILthmaxz(klfn + kanz) = il ILthmaxz(kl + kaﬂ)f” z’il kzILthmaxzfi’l2 (36)
Increasing the IPBC gains yielded the minimum THDyoyr of the output voltage by

allowing some oscillations of the inductor current, and we decreased the power efficiency
(Table 1).

n=oo
P _ P Z ILthmaxosczfn2
N RLA :100““137“”“’[%] ~ 100 | 2=L —1|[%] 37)
border Z ILPhnborderzfnz
n=1
n=co 2
ILFhlmaxosc2 E an

Ipm 2
o/ n=1 maxosc o
APlosses[ /0] ~ 100 = > —11|% (38)
LFhnmaxborder 712

I 2
LFh1maxborder ngl ILFhlmaxburder

Table 1. Simulation results: Comparison of the inverter output voltage parameters with the three switching frequencies for

the border gains and above the border gains for a nonlinear rectifier RC load (three-level, double edge, the first scheme
PWM modulation); Cr = 50 uF, Lr = 1 mH, Ry =1 Q), and M = 0.5; RC load: R = 100 ), C = 430 puF, dynamic loads

(5001 150)/500 2.

Switching Frequency, (Rectifer RC Load, k=500, PowerLossestncrease OV UL Sep
i B3 R C =430 uF) losses (5001 150)/500
12,800 [Hz], R; =5, K, = 0.23 Border gains 1.8% - 2.71%
25,600 [Hz], R; = 10, K, = 0.69 Border gains 1.0% - 1.81%
51,200 [Hz], R; =20, K, = 1.41 Border gains 0.32% - 0.94%
51,200 Hz, R; = 30, K, = 30 The values over the 0.18% negligible 0.77%

(oscillations begin)

border gains

However, when the border gain values were R; = 20 and K, = 1.41 and for gains,
R; =30 and K, = 30 that resulted in oscillations for f; = 51,200 Hz, the theoretical relative
increase of the power losses in the magnetic material was negligible (in the experimental
inverter, the increase in the power losses was much higher).

5. Discussion of the Simulation Results
An analysis of the simulation results showed the following:

1.  For the frequencies analyzed (12,800, 25,600, and 51,200 Hz), it was important to
consider the delay of the PWM modulator in the control law. Even the simplest
prediction of the variables in the next switching period using the discrete state space
equations allowed an estimation of the PBC border gains to lower distortions of the
inverter output voltage and a better dynamic load change response.

2. Basic PBC theory does not enable the limits of the PBC gains to be found. For positive
gains, a system is always theoretically stable [9]. The technical properties of an
inverter control system cause the restrictions. Below the border gains of the PBC,
there are no output voltage oscillations. The border gains are calculated based on
the assumption that the increase of the control voltage should not be faster than
the possible increase of the PWM modulator voltage (Vpc voltage in one switching
period Ts).
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3. Additional gain increases over the border values causes oscillations of the output
voltage and the inductor current and output voltage distortions. It is possible to find
the maximum gains of the PBC for the minimum of the output voltage THD.

4. A lower modulation index, M, is preferable—it is a (1-M)Vpc margin of voltage that
forces an inductor current increase. However, low values of M will not be used in a
practical design because we always allow for the potential of full input voltage (M
close to unity).

5. A lower M helps avoid saturation of the PWM modulator (Figure 6b) for higher
controller gains.

6. The oscillations of the inductor current slightly increase the power losses in the
inductor core.

7. The results shown in Table 1 confirm the preference for using a higher switching
frequency. However, we should not forget about potential technical problems. In
one switching period, we count up to a value that equals the PWM comparator
frequency divided by the switching frequency. In the experimental work, we used an
STM32F407VG microprocessor with an 84 MHz frequency in the PWM modulator.
Using f; = 51,200 Hz (1024 switching time periods per fundamental period), we
obtained the maximum counted value per switching period of ~1640 (the amplitude
of the sinusoidal reference waveform was 820). The resolution, 1/820 = 1.2 x 1073,
was insufficient for the generated sinusoidal waveform close to 7t because the change
of 1 — sin(27 x (256 — 1)/1024) = 1.8825 x 107>, was lower than the resolution. It
caused the width of some (in our case 16) neighboring PWM pulses of the reference
waveform close to 7t/2 or 37t/2 to be the same; however, in this case, the additional
distortions were ignored (ATHD = 0.051%). Therefore, f; = 51,200 Hz was assigned as
the highest switching frequency for the STM32F407VG microprocessor control.

6. Experimental Verification

The experimental inverter parameters (Figure 7): three-level, double edge, the first
modulation scheme PWM [19,20,22], fs = 51,200 Hz, Cr =50 pF, Lr =1 mH, R r =1 Q),
M =0.5,RC load: R =50 (), C =430 puF, dynamic load (5001 150)/500 ). R;F is a series
equivalent resistance of the inverter and was measured [24] for a filter coil with the core:
Super-MSS™-Sendust (MS), MS-184075-2, u =75, Aj, = 169, and [, = 0.10743 m [36]. A
STM32F407VG (32 bit, 168 MHz) microprocessor controlled the inverter. The border gains,
R; and K,, were selected experimentally and therefore were not directly compared to
the theoretical gains because they were multiplied by the output voltage and current
scaling factors.

Oscillogranis

Yoltage Source

Figure 7. Experimental laboratory inverter.
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RL()AD =300 2

20log,,(abs(K (/) / Kpi- (£,))) [dB]

Figure 8 shows the Bode plots of the plant (the inverter with PWM modulator). The
Bode plots were measured for the relative amplitude values of the sinusoidal waveforms
and phases for frequencies ranging from 100 Hz to 5000 Hz relative to the fundamental
frequency (50 Hz) waveform in the input of the PWM modulator and the fundamental
frequency waveform of the output voltage of the inverter. A relative measurement was
required because the modulator input uses modulator units (the maximum amplitude
equaled 820 units for f; = 51,200 Hz, 1640 for f; = 25,600 Hz, and 3280 for f; = 12,800 Hz),
and the output voltage uses volts. This dimensionless measurement is precisely described
in [22-24]. Figure 8 also shows that the switching frequency for the coil with the Super-MSS
core did not significantly influence the Bode plots of the inverter.

Phase(Kyy (/) / Kiy, (/) [deg]

T 50

T
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Figure 8. Bode magnitude (a) and phase (b) plots for f; = 12,800 Hz, 25,600 Hz, and 51,200 Hz, and two loads—50 and

500 Q.

The other components of the experimental model were the measurement traces (in-
cluding an Analog-to-Digital Conversion—ADC) of the output voltage, output current, and
coil current. All traces were similar except for the sensors that ensured galvanic isolation
(isolated amplifier ISO 124P in the output voltage trace and LA-25NP current transducers
in the output current and the inductor current traces). Both sensors had a much higher
bandwidth than the plant and the rest of the measurement trace (ISO 124P has a small-
signal bandwidth of 50 kHz and a slew rate of 2 V/pus, and LA-25 NP has a bandwidth
of 150 kHz). Therefore, the dynamic characteristics (the magnitude and the phase) of
the output voltage measurement trace should represent all three traces up to 5000 Hz.
Figure 9a,b give the Bode plots of the output voltage measurement trace (including the
galvanic isolation and ADC).

The relative magnitude of the traces was approximately 0 dB (from —0.25 dB to 0.4 dB
for f; = 25,600 Hz, and 51,200 Hz), and the phase-shifted. We can approximate the magni-
tude and the phase plots with the simple delay 2T (two switching periods). It seemed that
output voltage damping 40 dB/decade over the resonant frequency (712 Hz) sufficiently
maintained the phase margin of the loop. There were no additional low pass filters (except
for the antialiasing filters). However, for gains over the border values, the oscillations
could have come from a phase delay of the entire loop; a higher switching frequency
corresponds to a smaller loop delay and higher frequency oscillations. The amplification
of the voltage trace was adjusted so that for the output nominal amplitude of the output
voltage fundamental harmonic for the 50 () load, we could read 3000 units of the ADC
(it ranged from —4095—+4095). This was treated as the voltage scale ratio equal to unity.
For the 50 () load resistance, which was assumed as nominal, we adjusted the amplifica-
tion of this current trace to get 2000 units from the ADC reading. Therefore, the output
current scaling ratio was (3000/2000)/50 = 0.03. For the small output capacitor (1 puF),
the same adjustment procedure was performed for the inductor current trace to obtain
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the same current scaling ratio of 0.03. It was important to adjust the voltage and current
scaling factors carefully because they were multiplied by the PBC controller gains. In the
simulations, the voltage and current scaling factors were simply 1/Vpc for the maximum
amplitude of the reference waveform equal to 1. For the experimental inverter, the reference
amplitudes were 3280, 1640, and 820 for the 12,800 Hz, 25,600 Hz, and 51,200 Hz switching
frequencies, respectively. In all cases, we used 3000 units for the voltage and 2000 units for
currents as nominal ADC values. Therefore, to compare the simulation and the experiment,
the experimentally assigned gains were multiplied by #(12,800 Hz) = 3000/3280 = 0.915,
(25,600 Hz) = 3000/1640 = 1.829, and (51,200 Hz) = 3000/820 = 3.659 for 12,800, 25,600,
and 51,200 Hz. The recalculated gains were assigned as R;" =r*R; and K" = r*K. Figures 10-14
present the results of the PBC control for the border gains and the values above them.

. 29logl()(a’bs(K.-‘Lw’LI(.fll) / K,‘i.h:f‘f. (fm))) [dB] ‘ Phasle(me (f? / KH«IP!.I(.f;n)) [deg]

50

0 4

ol £=12800Hz/ | sof Fe 51200 e
100+ ~
e 1= 25,600 m\

-150+

-200 1

£=12,800 Hz
2250+ S
300
o | £,=51,200 Hz | ) . | . |
i QSU 100 200 500 1000 3500 _33050 100 200 500 1000 3500
Sz fIHz]
(a) (b)

Figure 9. Bode magnitude and phase plots of the output voltage measurement trace for f; = 12,800 Hz, 25,600 Hz, and
51,200 Hz: (a) Magnitude; (b) Phase.
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Figure 10. (a) The output voltage and current; (b) The harmonics analysis of the output voltage without the feedback loop
for fs = 12,800 Hz (RC load: R =100 ), C =430 puF).
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Figure 11. (a) The output voltage and current; (b) The harmonics analysis of the output voltage for the PBC with experi-
mentally adjusted border gains (R; =2, Ky = 0.2, R;” = 1.83, K,” = 0.183) for f; = 12,800 Hz (RC load: R =100 2, C = 430 pF);
(a, b) Harmonics analysis of the output voltage.
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Figure 12. (a) The output voltage and current; (b) The harmonics analysis for the PBC with the experimentally adjusted
border gains (R; =3, Ky = 0.5, R;” =5.49, Ky” = 0.92) for fs = 25,600 Hz (RC load: R =50 O}, C = 430 uF).
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Figure 13. (a) The output voltage and current; (b) The harmonics analysis for the PBC with the experimentally adjusted
border gains (R; = 3, K, = 0.5, R;” =10.98, K" = 1.83) for fs = 51,200 Hz (RC load: R =100 O3, C = 430 uF).
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Figure 14. (a) The output voltage and current; (b) The harmonics analysis of the output voltage for the PBC with gain values
that exceeded the experimentally adjusted border gains (R; = 3, Ky = 0.7, R;” = 10.98, K" = 2.56) for fs = 51,200 Hz (RC load:

R=100Q, C =430 pF).

7. Discussion of the Experimental Results

The recalculated (R;’, Ky") experimental border gains differed from those previously
appointed theoretically: R; =5, K, = 0.23 vs. R;” = 1.83, K,” = 0.183 for 12,800 Hz, R; = 10,
Ky =0.69 vs. R’ =549, Ky’ = 0.92 for 25,600 Hz and R; = 20, K, = 1.41 vs. R; =10.98,
Ky" =1.83 for 51,200 Hz. Figure 15 presents the recalculated values of the border gains R;’,
Ky’, which closely approximated the theoretically appointed border gain curves. Higher
switching frequencies led to better compatibility of theory and measurements.

25 v XERD LTI
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2r K,'=183

S
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e

=1/7,=51,200 Hz]

F=1/T.=256000z /
' W PRE 12,800 Hz
0_\ L1l L T - Ll Ll T -t Ll Ll L1l [

0 10 20 30 40 50

Figure 15. The recalculated values of the border gains R;’, Ky for the experimental model vs. the
theoretically appointed border curves.

The theoretical results were perfect. The experimental inverter had voltage and current
measurement traces from which the Bode plots (Figure 9a,b) approximated as a delay of
about 2T [24]. Higher switching frequencies led to better agreement between simulation
and experimental results (Table 2). Lower measurement trace delays (2T; Figure 9) resulted
in higher possible gains and lower output voltage distortions. However, the 40 dB/decade
damping of the plant (inverter) above 700 Hz (in the presented experimental model) should
maintain a safe phase margin. The linearization of the inverter model at higher switching
frequencies resulted in a lower error because there was a more precise linear approximation
of the exponential function (used in the discrete model [19,20]) for shorter switching
periods. Measurement trace delays led to lower gain oscillation values (above the border
values) than in simulations. At higher switching frequencies, the oscillation frequencies
increased (the measuring trace delays decreased with switching frequency)—900 Hz for
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fs = 12,800 Hz, 1150 Hz for f; = 25,600 Hz, and 1350 Hz for f; = 51,200 Hz. The power
loss increases in the core of the coil between two sets of gains R; = 3, K, = 0.5, R;’ = 10.98,
K" = 1.83 (close to the border values) and R; = 3, K, = 0.7, R;’ =10.98, K,” = 1.83 above the
border values was 18.6%.

Table 2. Experimental results: Comparison of the parameters of the inverters output voltage with Cr =50 uF, Lr =1 mH,
Rip=10,M=05,RCload: R =100 Q, C =430 uE, dynamic loads (5001 150)/500 ©2).

Switchlizr.\%g]re;uﬁl/g,]Gains: (Rectifier ]I;I_éli‘;oa"g R=500, Power Iz);ses Increase Over{glat;g]; efcorre taI;: Step
T C =430 uF) losses (5001 150)/500 O
12%{0,9 Ezgst:Z: oo Border gains 3.753% ) o
2561%?’ [E ;]491%153;%9; 02 Border gains 3.01% - 5.5%
51%29 Eﬁl’gg’ E;':Klv.;BO'S Border gains 2.53% ) s
21200 Bz Ri =3, Ky =07 Above the border values 2.62% 18.6% 3.5%

R =10.98, K," =2.56

The IPBC controller design should begin by calculating the border curve from simu-
lations for the particular parameters of the inverter and the chosen switching frequency
(Figures 2d, 3d and 4d). Then we should appoint the recalculated gains R;’, K," on or
below the border curve. We physically adjust the output voltage amplifiers to obtain the
assigned value (in units) ADCy of the ADC for the amplitude of the nominal voltage.
After such an operation, we assign a unity gain in the voltage amplification trace (in our
example ADCy = 3000 for the nominal output voltage amplitude). We adjusted the output
current amplifiers to obtain the assigned value (in units) ADCy of the ADC (in our example
ADCy = 2000) for the amplitude of the output current for the nominal resistive Ryops load.
For the lowest possible output capacitor, we proceeded the same way for the inductor
current. The scaling ratios of voltage and currents were s, = 1, s; = (ADCy/ADCr)/Rnom
(in our example sy = 0.03). These scaling factors were implemented in the inverter control
software. For the PWM comparator input frequency fpw (in our example, fpwpr = 84 MHz)
and the switching frequency f; (in our example, 12,800, 25,600, and 51,200 Hz), we deter-
mined the maximum amplitude of the reference waveform fpw1/fs (in our example, it was
3280, 1640, or 820). That meant we should use the recalculation factor r = ADCy / (fpwa /fs)
(for us, it was (12800 Hz) = 0.915, r(25600 Hz) = 1.829, and (51200 Hz) = 3.658 for f; = 12800,
25,600 and 51,200 Hz). If we chose the recalculated PBC gains R;’, K;” from the border
curve, we can calculate the PBC gains that we have to use in the inverter software R; = R;"/,
K, =K, /.

8. Conclusions

The paper presents the basic reasons for restricting PBC controller gains. Previously
reported basic theoretical considerations showed that positive PBC gains have no limita-
tions and the poles of the characteristic equation of the closed-loop system were always in
the left half of the s-plane. However, the first limitation is the control signal speed increase
above the possible speed of the increase in a PWM double edge, three-level modulator. The
second limitation was modulator signal saturation. This limitation could be relaxed for the
tolerably lower inductance of the output filter coil or the lower modulation index [12]. The
third limitation came from delays in the measurement traces (depending on the design) and
in the same PWM modulator (it is always one switching period). The delay of the PWM
modulator was considered in the control law using the state space equations to predict
the state variables of a discrete, linearized inverter model. A more sophisticated solution
involves using a Luenberger state observer; however, the final equations were extremely
complex, and theoretical results showed that the use of simple state space equations suf-
ficed. Higher switching frequencies resulted in higher PBC controller gains and lower
output voltage distortions. The simulations and the experimental model had different
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scaling coefficients of the voltage and currents. That explains why the border gains of the
controller in the simulations and the directly adjusted gains (R;, Ky) in the experimental
model were different. However, after recalculation of the adjusted experimental model
border gains with the scaling factors that differed significantly from simulation results, the
recalculated gains (R;’, Ky") closely approximated the theoretical border curves (Figure 15).
The most general conclusion drawn in the paper stems from the possibility of using higher
PBC gains for higher switching frequencies, and better reduces output voltage distortions
for standard linear and nonlinear loads.
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