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1. Overview
In this document, the general approach and important details of the proposed inverter
system, which meets the full (initial) specifications, i.e. the 5 mA ground current limit and
the DC input current ripple criterion at all requested power factors of the load (0.7 – 1),
are described. The total volume of the system is 14.22 in3 resulting in a power density of
140.60 W/in3.
The topology of the system is depicted in Fig. 1. This topology and the corresponding
values of the passive components are the result of a comprehensive multi-objective design optimization process which considers loss and volume models of semiconductors,
passive components and measurement/control circuits, the performance of cooling systems, and the given constraints of the LBC specifications.
The inverter stage of the system consists of two output phases, each of which is formed
by two interleaved bridge leg stages in buck-configuration. Each of the four bridge legs
is operated with an advanced triangular current mode (TCM) modulation scheme [1,2]
controlled with an FPGA, whereby the (variable) switching frequency is in the range of
100s of kilohertz. The orders of magnitude of all relevant passive components is provided in Tab. I. New Normally-Off gallium nitride (GaN) Gate Injection transistors, which
are driven by a novel high-performance gate driver [3], are used for implementing the
four bridge legs. In Section 2, the DC link energy storage approach is described in more
detail. Thereafter, an overview on approaches used to minimize the volume of the passive components is given in Section 3. Subsequently, the thermal management and
cooling concept is presented in Section 4. In Section 5, an overview on the EMI filter is
given. Finally, an outlook relating to the recent modifications of the LBC specifications
which will allow the realization of a different inverter concept [4] with higher power density is given in Section 6.

Fig. 1. Topology of the presented inverter consisting of two output phases, each of which is formed by two interleaved
bridge legs in buck-configuration. The system DC-side energy storage (Ripple Port) is detailed in Fig. 2 and the EMI
filter is presented in Fig. 4.

2. 120 Hz DC Input Current/Voltage Ripple Requirements
In case an electrolytic bulk capacitor would be used for meeting the input current/voltage ripple criteria, a large capacitance value of at least 1.9mF (according to the
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initial specifications) would be needed, which would result in a large volume of the DC
energy storage. This is the case because the energy pulsations of the bulk capacitor,
which are caused by the AC component of the sinusoidal power pulsation drawn by the
load at twice the output frequency (120 Hz), are only marginal compared to the total
capacitor’s stored energy, i.e. due to the low allowed DC link voltage variation the capacitor basically remains fully charged and/or its energy storage capacity is hardly utilized.

Fig. 2. Topology of the employed Ripple Port including schematic visualization of power flows and capacitor voltages.

In order to minimize the capacitance and volume requirement of the DC energy storage,
in the proposed system the 120Hz DC current/voltage ripple component is minimized by
a state-of-the-art active buck-type Ripple Port (RP) (cf. Fig. 2) utilizing a new control
scheme [5]. The RP largely compensates the AC component of the sinusoidal power
pulsation drawn by the load. The RP unit stores/recovers the energy contained in the
power pulsations in/from a capacitor CRP which is, in contrast to a standard electrolytic
storage capacitor in the DC link, (dis-)charged to a significant extent, i.e. shows a large
voltage ripple. Accordingly, a much smaller capacitance value is required which allows
to reduce the total volume of the DC link energy storage even though additional semiconductors, an inductor LRP and auxiliary circuits are needed. In order to meet the high
RMS-current requirement and energy storage capacity at minimal volume, a novel ceramic capacitor technology is used for CRP which provides 100s of microfarads in highly
compact form. CDC is only needed for filtering switching frequency pulsations and consists of ceramic capacitors in the range of several microfarads. The semiconductors, the
type of inductor LRP and the type of modulation (TCM) are identical to the inverter stage.
LRP provides several microhenries.
3. Miniaturization of Components for DC-AC and DC-DC conversion
Different approaches are used to minimize the volume of the passive components, i.e.
the power inductors and the output capacitors, which are employed in the inverter stage
and the RP, as described in the following:
- The values of the passive components are reduced by selecting a high switching
frequency in the range of 100s of kilohertz which is, however, only enabled by
selecting a new type of Normally-Off GaN Gate Injection transistor and a newly
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developed high-performance gate driver [3], in combination with using a TCM
modulation scheme [1,2] promoting zero voltage switching and resonant switching transitions, i.e. comparably low switching losses.
The values of the output capacitors CDM1, cf. Fig. 1, could be reduced significantly by using two interleaved bridge legs per output phase, whereby the highfrequency current ripples are compensating each other to some extent and the
resulting frequency of the remaining current ripple is doubled compared to the individual bridge leg switching frequency.
The volume of the inductors could be minimized by developing a novel type of
multiple air gap foil winding inductor with extremely thin isolation layers [6,7].
The volume of the DC link capacitor CDC could be minimized by using a novel
and highly compact type of ceramic capacitor.

4. Thermal Management
In order to extract the heat generated by the inverter and the RP, which is in the range
of several tens of Watts, a heat management approach based on natural convection
and forced air cooling is applied. For the given converter volume the surface area,
which provides heat exchange to the ambient by natural convection, is maximized by
designing a very flat and long shaped system considering the height constraints of the
passive components (capacitors, inductors). In order to avoid means and consequently
volume for conducting the heat to a central cooling unit and/or isolating hot parts from
the enclosure, a distributed forced air cooling system, which consists of ultra-flat blowers and high fin number copper heat sinks, was designed, cf. Fig. 3, and optimized towards a cooling system performance index, CSPI (heat conductivity per volume [8] of
100s of Milliwatts per cubic inch Kelvin; i.e. a factor of >5 higher in performance than
commercial heat sinks.

Fig. 3. Cooling system unit consisting of ultra-flat blowers and high fin number copper heat sinks; two cooling units
are placed on opposite upright/vertical faces of the system.

5. Electromagnetic Compliance (EMC)
The topology, the modulation and the resonant transition switching of the proposed system, cf. Fig. 1, promotes an EMI filter of low volume. On the one hand, for the generation of the AC output voltage the two phase output voltages are actively controlled to
values directly symmetric around half the DC-link voltage vIN,DC, i.e. (ideally) no lowfrequency common-mode (CM) component of the generated AC output voltage occurs.
In addition, the switching commands of the two output phases are synchronized 180°
out of phase with each other which results in a (partial) cancellation of the CM voltage at
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the switching frequency. Nevertheless, a CM inductor is used in the AC side EMI filter
stages for filtering remaining switching frequency components. The stray inductance of
the CM inductor contributes to the differential-mode (DM) filter inductors. On the other
hand, the high but variable switching frequency in the range of 100s of kilohertz enables
to select a high corner frequency of the CM and/or DM filter stages. After an overall optimization (considering also the higher switching losses at higher frequencies), the minimum volume of the EMI filter was attained by selecting a two-stage topology, cf. Fig. 4,
with the values given in Tab. I.

Fig. 4. Topology of the EMI filter consisting of two CM/DM filter stages.
Tab I. Orders of magnitude of the EMI filter’s passive component values.
Components
Value Unit
L1A, L1B, L2A, L2B, LDM1, LDM2
1s of microhenries
LCM1, LCM2
100s of microhenries
CDM1, CDM2, CDM3
1s of microfarads
CCM1, CCM2
10s of nanofarads

6. Outlook
Due to the recent change of the specifications on June 25, 2015, both the inverter topology and the EMI filter will be modified [4] in order to further improve the power density of the inverter. As proposed in the LBC Q&A document, a more detailed description is
given in the appendix of the technical application document.
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