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Abstract: This paper presents a modular and scalable power electronics concept for motor control with continuous output voltage. In contrast to
multilevel concepts, modules with continuous output voltage are connected in series. The continuous output voltage of each module
is obtained by using gallium nitride (GaN) high electron motility transistor (HEMT)s as switches inside the modules with a switching
frequency in the range between 500 kHz and 1 MHz. Due to this high switching frequency a LC filter is integrated into the module
resulting in a continuous output voltage. A main topic of the paper is the active damping of this LC output filter for each module
and the analysis of the series connection of the damping behaviour. The results are illustrated with simulations and measurements.
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1. Introduction

Nowadays, an increasing demand exists for innovative solutions and concepts regarding the electric mobility. One
main reason is the high and still increasing need for mobility. This can ultimately be ascribed to two key causes: The
stricter regulations concerning diesel vehicle and fine dust motivated by the decreasing availability of fossil fuels as
well by the reduction in emissions and fuel consumption of vehicles in the longer-term perspective. Hence, power
electronics plays an even more important role for motor control.

Typically, standard motor applications use conventional frequency converters. In these systems, pulse width
modulated output voltages are directly applied to the motor phases for controlling the current and thus the torque.
This voltage generation strategy results in high frequency components in the voltage and current signals producing
a current ripple with negative impact on the operating machine as well as high frequency displacement currents
causing a rapid aging of the bearings and electromagnetic compatibility (EMC) issues (Costabile et al., 2007).

Note, that new developments in wide bandgap (WBG) semiconductors and their properties can be used in
power electronics design to avoid these issues. The WBG power devices consist of semiconductor materials such
as gallium nitride (GaN) and silicon carbide (SiC). One main benefit of these devices is the low switching losses and
thus the opportunity to significantly increase the switching frequency (Ding et al., 2019). This results in lower power
dissipation and smaller size of components, and it leads to a significantly increased efficiency (Tamura, 2010) when
these power devices are used in inverters (Tamura, 2010; Uemoto et al., 2009).

The increased switching frequency of the WBG power devices makes it possible to implement an adequately
designed output filter on the power electronics itself to produce a quasi-continuous output voltage at the output
terminals instead of a conventional pulse width modulated voltage. By controlling the drive directly with the
desired continuous voltage, some of the disadvantages of the currently available systems can be avoided
as illustrated in Lautner and Piepenbreier (2016) based on a prototype with 650 V GaN high electron motility
transistors (HEMTSs).
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Active damping in series connected power modules

The application in electric mobility (Pinkos and Guo, 2013) highlights the need for modularisation. Modular
concepts allow to achieve the high currents required for the drives by connecting modules in parallel. A concept
for a parallel connection of power electronics modules based on GaN transistors was proposed in Li et al. (2016).

In addition to high currents there is a demand for high voltages in power electronics. These high voltages can be
achieved by using multilevel structures. Different series connected concepts of power converters have been studied
so far. However, the complexity of these structures increases with ever additional level. Challenges like control
effort and voltage balancing need to be carefully addressed in multilevel structures. The hard-switching system with
pulsed output voltages is a common feature of these concepts. In Ulmer et al. (2021a) the high voltages can be
achieved by an appropriate series connection concept of power modules. In contrast to concepts from the literature,
the continuous output voltage simplifies the series connection.

As mentioned before, the generation of a quasi-continuous output voltage is an essential element in this design.
For this purpose, adequately designed filters are integrated into the power electronics module. Considering voltage
terminals with LC filters, the main drawback of these filters is its resonance. In particular, at low load currents and
even more with open terminals, the damping of these filters is low. The resulting dynamic behaviour of currents
and voltages can lead to significant oscillations and/or overshoots, possibly leading to a damage of the power
electronics. A filter stage with dissipative damping approach has been introduced in Stubenrauch et al. (2017)
to avoid these issues. As this concept increases the losses and suffers from a reduction of the efficiency, active
damping concepts are preferable. Therefore, a state feedback of filter state variables such as inductor current or
capacitor voltage can be applied to shape the filter transfer characteristic. In Maislinger et al. (2019) an active
damping concept for a single module based on the measured capacitor voltage is proposed. A general analysis for
active damping of LCL-type output filters is given in Liu et al. (2020).

In Ulmer et al. (2021b) the concept of a three-phase power stage for motor control based on a class-D amplifier
operating principle generating a continuous output voltage is introduced. A practically applicable filter design can
be achieved by using GaN power semiconductors with switching frequencies in the range between 500 kHz and
1 MHz. Furthermore, the design of an alternative active damping feedback loop of the output filter is developed. In
contrast to Maislinger et al. (2019) the active damping is achieved by the filter inductance current feedback. The
filter inductance current is used for a state feedback to actively shape the transfer characteristic of the output filter.
It is beneficial to use the filter inductance current because this signal can be used for controlling the output current
of the module, as well.

In our work a detailed analysis of the behaviour of series connected output filter is presented. The presentation
of an active damping approach is an essential component of this work, as well. Simulation results and first
measurements are given.

The paper is organised as follows. The next section briefly introduces the modular concept on which the
serialisation idea is based. Then, in Section ‘Series Connection of Power Modules with Continuous Output Voltage’
the series connection of power modules with continuous output voltage and its issues are discussed. Next, the active
filter damping approach for the series connection of these modules is illustrated in detail in Section ‘Active Damping
in Series Connected Power Modules’. Several obtained simulation and measurement results are presented in
Sections ‘Simulations’ and ‘Measurements’. Finally, conclusions are given.

2. Modular Concept
2.1. Unit cell

The modular concept is based on an appropriately designed unit cell with continuous output voltage v, and current
i, based on the transfer characteristic H(v,.) and a control variable v, illustrated in Figure 1. Here, the unit cell
is powered by a DC voltage source, V,. Note, that the concept is not limited to DC voltage sources. The basic
functionality of a unit cell can be satisfied with the concept of AX modulation. The modulator produces a pulsed
voltage v, which is filtered by an appropriately designed LC output filter. In the current concept, a AX modulator

produces switching frequencies in a frequency band.

2.2. Concept overview
A concept that can be applied for both, parallel and series connection of unit cells, is presented in Ulmer et al.
(2019). Due to the continuous output voltage, the unit cell is particularly well suited for scaling the power range to
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Fig. 1. Internal structure of a unit cell.

the user demands. These hardware modules can be connected in series or in parallel to achieve the requirements
with less effort than the conventional solutions. A parallel connection achieves higher output currents. In contrast,
a series connection enables higher output voltages. A combination of these two connection concepts is illustrated
in Figure 2. The connection principle is based on the parallel connection of 2 unit cells in each case which in turn
are connected in series. Note, that for the sake of simplicity only this connection principle is presented here. The
extension to additional series or parallel connections is straightforward.

Compared to multilevel topologies, the structure of a unit cell is simplified but the effort for the unit cell itself is
increased. Due to the flexible usability and replicability for different applications, the unit cell enables to manufacture
in large quantities, thus reducing production and storage costs.

2.3. Series connection

In Figure 3 the concept for a series connection of 2 unit cells is illustrated. The extension to several unit cells is
straightforward as can be seen in Figure 4 shown by 3 unit cells. The overall output voltage v, can be distributed
across the unit cells. Note, that the given values f, = 1 kHz and A, = 24 V have been arbitrarily selected. The
topology is based on the idea that all series connected unit cells are powered by a separate voltage source V,
similar to the signals v which are galvanically isolated from each other. In an industrial application typically only
one power source is connected to the power electronics, whereas in electric vehicles this structure can easily be
achieved by connecting the different unit cells to different battery packs. The transfer characteristic H( ) of each

unit cell is specified in a way that the unit cell represents a voltage source.

VORefi

3. Series Connection of Power Modules with Continuous Output Voltage

This section analytically describes the behaviour of a LC output filter which is implemented in each unit cell to generate
the continuous output voltage. Thereafter, the contents are expanded with the series connection of these unit cells.
The derived transfer functions illustrate the need for an active filter damping presented in the following section.

The series connection of 2 unit cells with continuous output voltage is reported for the first time in Ulmer et al.
(2021a). Note, that in Ulmer et al. (2021a), inconsistency exists between the figures and the modelling. The given
calculations and results don’t respond to the figures. The inconsistency is eliminated in this work.

The state space representation used in Section ‘Series Connection of Power Modules with Continuous Output
Voltage’ and ‘Active Damping in Series Connected Power Modules’ is discussed in detail in Lunze (2020). For the
calculation of the transfer functions it is convenient here, to use the state space representation of the system which
is stated as follows:
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Note that G(s) represents the transfer matrix of the system. For determining a particular transfer function, the
appropriate row of the matrix C and the corresponding column of B are used in Eq. (5).

3.1. One unit cell
Based on the internal structure of a unit cell given in Figure 1, Figure 5 illustrates a detailed view of 1 unit cell
containing a half-bridge and a passive second-order LC output filter. Depending on the load condition, different state
space models will be derived subsequently. Note, that in the equations in the sequel, lower case letter will be used
for the voltages and currents to denote the time series.

As the inductor resistance is typically negligible and supposing that no load (Z, — ) is connected to the LC
output filter terminals, the filter dynamics can be modelled by the following state space model:

d|irr | Le |\ izp | |57
E|:VCF:|_ 1 VCF * LF VHB (6)
—_— 0 0
C
£ B
4
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The description of the matrices A and B referring to Eq. (1) is exemplarily given for Eq. (6) only. The application
to the other models is straightforward.

The transfer functions based on Eq. (6) can be expressed in Egs. (7) and (8) for the unloaded case. To calculate
the transfer function for the filter inductor magnitude and the filter capacitor magnitude based on Egs. (3)-(5),
we define as output matrix C = [1,0] and C = [0,1]. Note, that the detailed expression of the transfer functions
based on Egq. (5) is exemplarily given for this condition only. The extension to the other conditions and setups is
straightforward.

s — 1
i 1 LF - CFS
Gr(s)=-"+=[1 O] ——F— Lp |=———5— (N
VB P L g | LeCes®l
LpCr| Cg -
.
1 S 1
V, F e
Gycr(s)=—=[0 1] Lp |=——F5— ]
VHB §2 Lo o | LeCrsTHI ®)
LpCr| Cg |

Next, supposing that a load Z given by a resistor R_is connected to the LC output filter terminals, the filter
dynamics is represented by the state space model:

1
1

d|irr L iip | |7
- = L
r { } 1 1 [ } +| LF |VuB 9

Vcr _ Vcr 0
Cr R;Cp

The transfer functions based on Eq. (9) can be expressed in Egs. (10) and (11) for the resistive loaded case.

CrRys+1
GiLF(S)= F2L (10)
CFLFRLS +LFS+RL
Ry
G s)=

Next, supposing that a load Z is given by a series connection of R, and L, corresponding to a motor winding is
connected to the LC output filter terminals, the filter dynamics is then given by:
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The transfer functions based on Eq. (12) can be expressed in Egs. (13)—(15) for the resistive-inductive loaded
case.
C%'LMSZ + CFLMRMS + CF

G ols)=

GCF(S): CrLys+ Ly Ry, (14)
Y C‘%‘LFLA,[S3 + CFLFLMRMS2 + (CFLM + CFLF)S + LMRM
CF
Gio(s) (15)

- C]z:'LFLMS3 + CFLFLMRMsz + (CFLM + CFLF)S + LMRM

Note, that the DC gain of the output voltage v, in Egs. (8), (11) and (14) is equal to one, which is an expected
result. The values of the filter and load components used in the subsequent analysis are given in Table 1.

Figure 6 illustrates the magnitudes of the transfer functions bases on Egs. (7), (8), (10), (11) and (13)—(15)
using the system parameters from Table 1. On the left-hand side, the output voltage has a constant magnitude
over a wide frequency range. In the range of the filter resonance a resonance peak occurs which can become an

Table 1. values of the filter and load components

Component Value Unit
Filter inductance L, 15 uH
Filter capacitance C. 1.36 uF
Filter resistance (Parasitic) R. 2.86 mQ
Motor inductance L, 1 mH
Motor resistance Ry, 0.4 Q
Resistive load R 4 Q
Open terminals Resistive Load Motor Load
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Fig. 6. Magnitude response for 1 unit cell.
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issue for the output capacitance. The current through the filter inductance strongly increases in the range of the
resonance, as well, which is critical as this is the current through the switch. In the centre, the resistive load has
a dampening effect, as expected from the passive damping approach in Stubenrauch et al. (2017). In addition, in
motor control no pure resistive load is applied. On the right-hand side, all magnitudes of the motor load exhibit the
same resonance issues as the unloaded case.

3.2. Two unit cells
Figure 7 illustrates a detailed view of two series connected unit cells. Supposing that no load (Z, — «) is connected
to the LC output filter terminals, the filter dynamics can be modelled by the following state space model:

0 0 —L 0 -
Lp 1 0
irF1 0 0 o L e | | Le
d|ir | _ Lea ipa | | o L |:‘7—[Blj| (16)
dt| ver 1 0 0 o |l Ver Lpy | veg:
vera] | Cri VeF2 0 0
1
0 — 0 o0 Lo 0]
i Cr2 |

The transfer functions based on Eq. (16) can be expressed witha=C_L_ and b=C_L_ in Egs. (17) and (18)

F1-F1 F2-F2
for the unloaded case. To calculate the transfer function for the filter inductor magnitude and the filter capacitor

magnitude based on Egs. (3)—(5), we define as output matrix C =[1,0,0,0] and C =[0,0,1,1].

Cris
Girri(s)= astL-I 17

1 1

GVO(S): as2+1+bs2+1

(18)

Yic
’_ 7 Lo CF2
— SL‘Z UHB2 (‘F2 ::il'cpg
I
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’—T Yio12 vo [}ZL
— Sm
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Yic
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—  Svui|vHB1 Crp __il‘cm
v

g
!

Vanpi

Fig. 7. Two unit cells.
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Next, supposing that a load Z given by a resistor R_is connected to the LC output filter terminals, the filter
dynamics change to the state space model is given below:

i 0 0 —L 0 ]
Lpy 1 ]
irF1 0 0 0 1 irr1 | | Le
d|ir | _ Lez |lir2 || (19)
dt VCF1 1 1 _ 1 VCF1 LF2
ver2] | Cri RiCp1 RiCry || vera 0
. I 1 Lo |
L Cra RiCpy R Cpy |

The transfer functions based on Eq. (19) can be expressed witha=C_L_, and b= C_L_, in Egs. (20) and (21)
for the resistive loaded case.

bCpiR s> +(Cy + Cpy ) Lpys® + CpyRys +2

abRLS4 + (sz + CF])LFILF2S3 + (a + b)RLsz + (LF2 + LF] )S + RL

Giri (s)= (20)

Gyo(s)= bRLs2+aRLs2+2RL 51
"0 abRs* +(Cpy + Cpy ) L Lpys® +(a+b)Rys +(Lpy + Ly )s+ Ry D

Next, supposing that a load Z is given by a series connection of R, and L, corresponding to a motor winding is
connected to the LC output filter terminals, the filter dynamics is then given by:

0 0 —L 0 0
Ly - ]
. 1 . — 0
ILF1 0 0 0 _L_ 0 ILF1 Lpy
) F2 .
iLF2 ) 1
d 1 1 0 — VHBl
R VCF] =|— 0 O 0 e VCFI + LF2 (22)
dt Cr Cr VHB2
Ver2 ! L |[Yer2 0 0
iO 0 C_Fz 0 0 _C_Fz iO 0 0
0 0
0 0 11 _Ry ) )
i M Ly Ly |

The transfer functions based on Eq. (22) can be expressed witha=C_ L., and b=C_L_, in Egs. (23)—(25) for
the resistive-inductive loaded case.

bCFlLMS4 + bCFlRMS3 + (CFILM + (CF2 + CFI)LFz)SZ + CFIRMS +2

G; =
i abLyys® +abRyys* +(a+b) Ly (Cpy + Cpy) LpiLpy)s® +(a+b)Rys™ +(Lyg + Ly + Ly )s + Ry (23)
Goo (5)= bLys® +bRyys® +alys® +aRys® +2Lys + 2Ry, 2
vo abLMSS +abRMs4 +(((1 +b)LM (CF2 +CF1)LF1LF2)S3 +((l +b)RMS2 +(LM +LF2 +LF1)S+RM ( )
21bs?+2
GiO (S) as A (25)

B abLMs5 +abRMs4 +((a+b)Ly (CF2 +CF1)LF1LF2)S3 +(a -&-b)RMs2 +(LM +Lp, +LF1)S + Ry,

Note, that the DC gain of the output voltage v, in Egs. (18), (21) and (24) is equal to 2. Furthermore, the DC gain
of the output current in Eq. (25) is equal to 2/R, which is an expected result.
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Fig. 8. Magnitude response for 2 unit cells.
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Figure 8 illustrates the magnitudes of the transfer functions bases on Egs. (17), (18), (20), (21) and (23)—(25).
On the left-hand side, a similar behaviour as in Figure 6 is recognisable. This also applies for the right-hand side.
Only, the resonance peaks of the resistive load are increased.

3.3. Three unit cells
Figure 9 illustrates a detailed view of 3 unit cells. Supposing that no load (Z, — «) is connected to the LC output
filter terminals, then the filter dynamics can be modelled by the following state space model:
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0 0 o —— o 0
Lpy 1 -
1 — 0 0
.10 0o o 0 — 0 |- 4 |Lp
ILF1 Lps ILF1
. 1 i 0 1 0
L2 o 0 0 0 0 | Lpy VHBI
d|irp3 | Lrs || irr3 ! (26)
d|vep || 1 v Il 0 0 VHB2
CF1 C_ 0 0 0 O 0 CF1 LF3 VHB3
Ve F1 | Ve 0 0 0
LVCF3 | 0 . 0 0 0 o |LVer3] 0 0 0
= 1 Lo 0o o0 |
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] Crs |
The transfer functions based on Eq. (26) can be expressed witha=C_L.,,b=C_L., and ¢ = C_L_, in Egs.

(27) and (28) for the unloaded case. To calculate the transfer function for the filter inductor magnitude and the filter

capacitor magnitude based on Egs. (3)—(5), we define as output matrix C = [1,0,0,0,0,0] and C =[0,0,0,1,1,1].

CFIS
G; s)=
lLFl() as2+1

1 1 1
G,ols)= + +
vo() as?+1 bs?+1 cs?+1

27)

(28)

Next, supposing that a load Z given by a resistor R_is connected to the LC output filter terminals, the filter
dynamics change to the state space model is given below:

0 0 0
Wil 1o 0 0
{LF2
d |irs B 0 0 0
dt |vepy 1 0 0
, Cri
cr2 1
Vcrs 0 C_F2 0
1
0 0

1

- — 0 0
Lp
0 ! 0
Lps
0 0 !
Lps
1 1 1
R.Cpi R.Cp R, Cp
1 1 1
R, Cpy R Cpy R, Cpy

1

1

1

Crs  R.Crs  RCry RiCrs

iLF1
)
iF3
Vcr1
Ucr2

Vcr3

o O o O

VuB1
Vup2 (29)

Vup3

Next, supposing that a load Z is given by a series connection of R,, and L,, corresponding to a motor winding is
connected to the LC output filter terminals, the filter dynamics is then given by:

0 0 0
ILF] 0 0 0
i1
) 0 0 0
LLF3
d 1 0 0
— v = |—
2z | Ver Cr
v 1
CF2 0o L o
Ver3 CFZ
1
0 0 —
o Cr3
0 0 0

1

Lpy

0
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L
Lpy
0o -4
Lp;
0 0
0 0
0 0
R
Ly Ly

iLF1
L
iLF3
VUcF1
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Vcr3

o O O o O

VuB1
Vup2

(30)

Vup3
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Fig. 11. Internal structure of a unit cell with inductor current feedback.

The transfer functions based on Egs. (29) and (30) cannot be reasonably expressed in clearly organised terms.
Note, that the DC gain of the output voltage v, is equal to 3. Furthermore, the DC gain of the output current in is
equal to 3/R, which is an expected result.

Figure 10 illustrates the magnitudes of the transfer functions based on Egs. (27) and (28) as well the transfer
functions based on the state space models (29) and (30). Compared to Figure 8, no significant changes are
recognisable.

4. Active Damping in Series Connected Power Modules

As already discussed in Ulmer et al. (2021a) and in the previous section, an active filter damping is important for a
safe operation of the unit cell. In contrast to Li et al. (2016), this active damping is achieved by adding a feedback
of the inductor current j_to the AX modulation loop as illustrated in Figure 11. Note, that in the given illustration the
motor winding is presented as load.

Depending on the load condition, different state space models will be derived and presented in the following in
the sequel. Note, that in the equations in the sequel, lower case letter will be used for the voltages and currents to
denote the time series.

In all cases, active damping can be achieved by adding a partial state feedback v, , = v, . — ki to the existing
state space models.
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4.1. Active damping of 1 unit cell
Supposing that no load (Z — «) is connected to the LC output filter terminals, the filter dynamics can be modelled
by the following state space model:

k1 !
d|irr Ly Ly | ip |, |7
— = +| Lp |Vore (31)
dt\ver] | 1 o |Lver 0

Cr

The value of the current feedback gain k is determined by pole placement in such a way that an appropriate
damping of the system is achieved. The characteristic polynomial of the system matrix in Eq. (31) is given by:

P(s):s2+k—1s+ ! (32)
L LpCp

The poles of the system (30) are the zeros of P(s) = 0. Areasonable choice is the determination of the feedback
gain k, in such way that the system exhibits two identical poles Ulmer et al. (2021b), that is:

1 L
P(s)=(s+/)* with [ = and k=2 |=E
(s)=(s+1) e =20, (33)

The transfer functions based on Eq. (31) can be expressed in Egs. (34) and (35) for the unloaded case.
To calculate the transfer function for the filter inductor magnitude and the filter capacitor magnitude based on
Egs. (3)-(5), we define as output matrix C = [1,0] and C = [0,1].

CFS
Gypls)=
1
G,ols)=

Next, supposing that a load Z given by a resistor R_is connected to the LC output filter terminals, the filter
dynamics change to the state space model is given below:

L7 1
dl|i L L i —
4| 'LF _ F F LF + LF VORef (3 6)
dt Vcr L _ 1 VcF 0
CF RL CF

The transfer functions based on Eq. (36) can be expressed in Egs. (37) and (38) for the resistive loaded case.

GlF (S) _ CFRLS +1
R
Gols)= L
() LipCpRys® +(CpRpky + Ly )s +ky + Ry (38)

Next, supposing that a load Z is given by a series connection of R, and L,, corresponding to a motor winding is
connected to the LC output filter terminals, the filter dynamics is then given by:

L7 S S |
L L -_—
i ip lF " | irp Ly
— v, = — 0 — |V +| 0 |y (39)
ar|er cr s cr ORef
10 126) 0
o L _Ru
L Ly Cr |
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The transfer functions based on Eq. (39) can be expressed in Egs. (40)—(42) for the resistive-inductive loaded case.

327

CIZ:'LMSZ + CFLMRMS + CF

Gir (s)=— 3. (2 2 (40)
G ( )_ CrLys+ Ly Ry,
VOS_C2LL 3 (z 2 (41)
Cr
GiLF (S) = 2 3 2 2 42
CELpLys + (CFLMk, +CpLpLy Ry )s +(CpLy Ryky + CpLys + CrLy)s+Crky + Ly Ry, (42)
Figure 12 illustrates the magnitudes of the transfer functions based on Egs. (34), (35), (37), (38) and

(40)—(42). These transfer functions are compared with the transfer functions in Figure 6. On the left-hand side, the
resonance peak of the output voltage does not occur in the range of the filter resonance any longer. Furthermore, the
current peak of the filter inductance is strongly damped. On the right-hand side, the resonance peaks are also damped.

Note that in the case of the motor load as well as of the resistive load, the value of the constant magnitude is

also damped by a certain factor.

4.2. Active damping of two series connected modules
Supposing that no load (Z — «) is connected to the LC output filter terminals, the filter dynamics can be modelled

by the following state space model:

[_kn
Lp
iLF1 0o _fno
d|ir | _ Lps
dt| ver R 0
Ver2 Cr1
0
L Cra

1

Lpy

0

! 0
irF1 Lp
) 4o 1
VeF1 Lr,
Ver? 0 0
L O 0 .

VORef1
VORef 2

(43)

The transfer functions based on Eq. (43) can be expressed in Egs. (44) and (45) for the unloaded case.

10°

CFls
Giri(s)= 2
CFILFIS + CFlkIIS +1
Open terminals
150
e lGiLFl
---|Gvol
100
50
5
= O =
6 N
-50
\
A
A
\
-100 A
hi
3
-150
10" 10% 10*
f(Hz)

Fig. 12. Magnitude response for 1 unit cell.
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_ 1 Lp
= 2 2
CriLpis™ + Crikps +1 CpoLpiLpys™ + CpyLpokps + Ly

Goo(s) (45)

Next, supposing that a load Z given by a resistor R_is connected to the LC output filter terminals, the filter
dynamics change to the state space model is given below:

_]Iji 0 _LL 0 - _
Fl Fl
—_— 0
iLF1 0o _fn 0 1 iR || Le
i L L i 1 VORef1
EARZSN F2 F2 o |lF2 || of (46)
dt| ver 1 0 1 1 V1 Ly || vorer2
Ver2 Cr RiCpi RiCri || ver 0 0
. S N Lo o
L Cra RiCry  RiCpy |

Next, supposing that a load Z is given by a series connection of R, and L,, corresponding to a motor winding is
connected to the LC output filter terminals, the filter dynamics is then given by:

_]]jA 0 _LL 0 0
Fl Fl - .
1
. kp 1 _ — 0
irF1 0 Ll 0 I 0 irF1 Lpy
iLF2 2 2 ) 1
1 1 0 —|| v
i Yer1 | T A~ 0 0 0 || Ver1 |t Lr, okert (47)
dt Cr Cr VORef 2
Ver2 Ver2 0 0 '
j 0 ! 0 0 ! j 0 0
Cr Cry 0 0
0 0 11 _Ry ) )
I v Ly Ly |

The transfer functions based on Egs. (46) and (47) cannot be reasonably expressed in clearly organised terms.
Figure 13 illustrates the magnitudes of the transfer functions based on Egs. (44) and (45), as well the transfer
functions based on the state space models (46) and (47). On the left-hand side, the same behaviour as in Figure 12
is recognisable. This also applies for the right-hand side. Only, the negative resonance peak of the current through

Open terminals Resistive Load Motor Load
150 150 150
—— |Gire| — |Gir| ——|Gir|
——-|Gyol -—-|Gvwol -—-|Gwol
100 100 100 f ——— |Giol
50 50 50
g S g
=0 ~ A s A — =0
9 - < : T
~ . &~ N ~
-50 -50 \ -50
k)
A
-100 -100 S -100
N \
\;
-150 150 . o -150 _ L .
10" 102 10* 10° 10" 102 104 109 10° 10* 10* 108
f(Hz) f(Hz) f(Hz)

Fig. 13. Magnitude response for 2 unit cells.
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the filter inductance is decreased. In addition, the constant value of the output voltage magnitude is increased
slightly for the resistive load, as well as for the motor load.

4.3. Active damping of three series connected modules
Supposing that no load (Z — «) is connected to the LC output filter terminals, the filter dynamics can be modelled
by the following state space model:

iLF|
iLF2
ILF3
VcF1
VCF?2

LVCF3 |

1

Cr3

X i}
e 0 0
Lpy
1
0 — o |
L, iLF|
0 o L l:LF2
Lps || ipr3
0 0 o | Ve
VCF2
0 0 0 |Lrers.
0 0 0

VORef1
VORef 2 (48)

VORef3

Next, supposing that a load Z given by a resistor R_is connected to the LC output filter terminals, the filter
dynamics change to the state space model is represented by:

iLF1
iLF2
iLF3
Vcr1

Vcr

Vcrs

0
ks
Lp3

0

0

1
Cr3

! 0 0
Lp
0 ! 0
Lp
0 0 !
Lp3
1 1 1
R Cpi RCpi RCpy
1 1 1
R Cp R Cm  RCr
1 1 1
Ry Cp3 R Cr3 RyCp3

iLF1
iLm
i3
Vcr1

Vcr2

Vcr3

o O o O

0

0 VoRef1

L VoRef2 (49)
L

53 VoRef3

0

0

Next, supposing that a load Z is given by a series connection of R,, and L,, corresponding to a motor winding is
connected to the LC output filter terminals, The filter dynamics is then given by:
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iLF1
iLFr
iLF3
Vcr1
Vcr

Vcr3

1

iLF1
iLF
iLF3
Ucrr |+
Vcr2

Vcr3

- — 0 0 0
LFl
0 ! 0 0
Lpy
0 0 ! 0
Lp3
0 0 0 !
CFI
0 0 0 !
Cry
0 0 0 !
Cr3
1 1 Ry
Ly Ly Ly Ly

o O O o O

0

0

1 VoRef1 (50)
Lps || Vorer2

0 VoRef3

0

0
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Fig. 14. Magnitude response for 3 unit cells.

1
VREF
Y
e Helin s
PWM
Delta-sigma modulation
THP -
s <<
HP kil
Current feedback
J—
-] .
T g+ g
% Current sensor
M1+
]
e M '
1" ' {)
I 1
CF V0
Half bridge ,l\
—(3)
M1-

(A) (B)

Fig. 15. (A) Simulink model of the top level. (B) Simulink model of the unit cell.

The transfer functions based on Egs. (48)—(50) cannot be reasonably expressed in clearly organised terms.
Figure 14 illustrates the magnitudes of the transfer functions based on the state space models (48)—(50). Compared

to Figure 13 no significant changes are observed.

5. Simulations

In this section, simulation results are given for a series connection of two modules with the output voltages v,,, and
v,, and the overall output voltage v, as illustrated in Figure 15A. The extension to the series connection of several
cells is straightforward. A motor winding is presented to the series connected modules.
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Fig. 16. Simulation results for the undamped output voltages of 2 unit cells with open terminals.
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Fig. 17. Simulation results for the damped output voltages of 2 unit cells with open terminals.

The simulation model of the unit cell itself is presented in Figure 15B. Note, that in contrast to the structure in
Figure 1, the power supply of the unit cell is split into the voltage source V,, and V, to obtain an output voltage with
zero DC offset. In the current feedback loop a high-pass is introduced.

Figures 16-19 illustrate the simulation results for the output voltage v, of the series connection of the two
module output voltages v, and v,,. The figures differ only in the selection between open terminals (Figures 16 and
17) and motor load (Figures 18 and 19). The same sinusoidal reference voltage v, is applied to each module M,
and M,. At t = 1ms the amplitude of the reference voltage is increased stepwise in each figure. The effect of damping
with k = 0 (Figures 16 and 18) and k, = k (Figures 17 and 19) can be observed in the output voltages on comparing

Figures 16 with Figure 17 and Figure 18 with Figure 19.

6. Measurements

The hardware setup with two and three unit cells connected in series is illustrated in Figure 20. The stacked unit
cells have isolated power supplies and isolated input signals, as well. Each unit cell is supplied with V=48 V.

Figure 21 shows the output voltage v, and current i, of two series connected unit cells based on the concept in
Figure 3. By comparison, Figure 22 shows the output voltage v, and current i, of three series connected unit cells
based on the concept in Figure 4.
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Fig. 18. Simulation results for the undamped output voltages of 2 unit cells with motor load.
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Fig. 19. Simulation results for the damped output voltages of 2 unit cells with motor load.

Fig. 20. Hardware setup: Two series connected unit cells (left) and three series connected unit cells (right).
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Fig. 21. Output voltage and current of two series connected unit cells: Unloaded (left) and loaded with 16.6 Q(right).
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Fig. 22. Output voltage and current of three series connected unit cells: Unloaded (left) and loaded with 16.6 Q(right).

In Figure 21 on the left-hand side, the system is not connected to a load. Each unit cell generates equal
output voltages v, and v,,, which can be measured between the cell’s output terminals. It is possible to reach an
amplitude of 17 V. The overall output voltage v, is referenced to the common ground level. There, an amplitude
of about 34 V is achievable due to the serialisation. On the right-hand side, the system is connected to a resistive
load of 16.6 Q. The amplitude of the output current i  is 2 A with respect to the DC offset off 2.9 A. As expected, no

difference in the output voltages compared to the left-hand side plot is observed.
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Fig. 23. Two-phase system with two series connected unit cells in each phase.
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Fig. 24. Output voltages and currents of a two phase system with two series connected unit cells in each phase.
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In Figure 22 on the left-hand side, the system is also not connected to a load. Each unit cell connected in series
generates equal output voltage v, v,,, and v,,. For the overall output voltage v,, it is possible to generate an
amplitude of 51 V. On the right-hand side, the system is connected to a resistive load of 16.6 Q. The amplitude of
the output current i is 3.2 A with respect to the DC offset off 4.2 A. The output voltages of the two load cases don't
show any difference.

Due to the number of unit cells for a three-phase system, a motor control setup cannot be presented here.
However, a two-phase system with two series connected unit cells in each phase with resistive load is already

available. The basic concept is illustrated in Figure 23. There, 2 unit cells share the same voltage source V,,. The
control variable v, . for these unit cells is a sinusoidal signal. In case of the phase v, a phase shift of 180 ° is added.

Each phase, that is, u and v has an additional unit cell connected in series. It is important that isolated voltage
sources V, and V,, as well as isolated control variables v, and v, are applied. The measurement results of
the output voltages v, and v, and currents i, and i, are shown in Figure 24.

Conclusion

This paper illustrates an active damping approach for series connected power modules with continuous output
voltage for motor control. The active damping is achieved by the feedback of the inductor current in each LC output

filter of the modules.
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A detailed discussion regarding the resonance of the output LC filter in the undamped system and the influence
of the active damping approach based on a state space representation and transfer functions is presented. The
simulation and measurement results illustrate the positive effect of the active damping for each cell. In addition, it
is shown that actively damped modules can be connected in series while maintaining a good damping behaviour.

In future work the measurement results will be extended to a three-phase system for motor control with at least
2 unit cells in each phase. Furthermore, the system design of the high pass will be analysed in detail. Keeping the
modularisation in mind, the active damping for parallel connected unit cells as well as parallel and series connected

unit cells has to be considered.
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