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Abstract— recent environmental issues have accelerated the use of more efficient and energy saving technologies in any area of our daily life. One of the major energy consumptions is in the transportation area, especially in the automobile field. DC/DC chopper circuits for use in hybrid electric vehicles (HEV), fuel cell electric vehicles (FCEV) and so on will be discussed in this paper from the view point of power density and efficiency. A typical power range of such converters can be in order of kWs up to over 100 kW with a short term overload requirement of often more than 200 %. Considering the state of the art, switching frequency of these converters is in the range from 50 kHz with IGBTs to 200 kHz with power MOSFETs, the power density peaks at about 25 kW/l, and the highest efficiency is close to 98 [%] depending on the load conditions. As can be seen from the brief introduction, the design of such converter presents multiple challenges from power density as well as efficiency point of view and these are discussed further in the paper.
I. Introduction

Recent global environmental issues have accelerated the use of more efficient and energy saving technologies in many areas of daily life. Major energy consumptions is the transportation, especially the automobile field. The need of more efficient use of internal combustion engine (ICE) and for an improvement of total system efficiency has created a combination of ICE and electric motors i.e. hybrid electric vehicles (HEV). Even pure electric vehicles (EV) and fuel cell electric vehicles (FCEV) could be commercially available soon. The need of DC/DC choppers is discussed for these electric power trains [1]-[9]. The advantage of DC/DC chopper for HEV is: 1) higher power output in a high speed range [1], and 2) total efficiency increase. FCEV and Pure EV may need a very high efficiency chopper for the higher performance of power-train characteristics [2],[3]-[4].
The power rating of DC/DC choppers for HEV lies in the range between 30 and 90 kW, and it may be beyond 100 kW for EV and FCEV. The main design target points are often high power density and high efficiency. There is few literature available considering this power range and a new performance criterion should be applied. Ohashi proposed the new concept of “Power density” [5] and [6], and he showed the trend of the continuous growth of power density in various applications of power electronics. Kolar in [7] listed four key items which strongly influence final converter design, which are:
· efficiency (loss)
· volume
· weight
· cost
These items are closely coupled together and the total optimisation procedure is discussed in [7].
In this paper, several examples of high power density and high efficiency DC/DC choppers for FCEV and EV will be introduced. They are based on so called SAZZ topology (Snubber assisted zero-voltage-zero-current transition switch) which offers soft switching at turn-on as well as at turn-off in order to reduce the switching losses [23], [24]. The considered power range is 8 to 25 kW with the switching frequency up to 100 kHz with IGBTs and 200 kHz with MOSFETs respectively. The main goal of the presented designs is reaching as high power density and efficiency as possible. The presented converter prototypes exhibit power density as high as 25 kW/l and efficiency close to 98 %.
In the following paragraphs, analyses of several SAZZ based circuit topologies with the main goal being the highest efficiency will be discussed followed by review of various issues related to reaching high power density.
II. High Efficiency
A. Review of Highly Efficient converter topologies
Switching power supplies and regulators have come into widespread use since 1970s. Basic high switching frequency converter design is shown in Figure 1(a) as published in [11], [12]. This circuit based on basic hard-switching buck/boost topology reached the operating frequency limit in the 1980s. In order to increase the frequency further and hence improve the power density, soft switching with one resonant switch as shown in Figure 1(b) was proposed in [13]. However, excessive current and voltage spikes in the switching devices are pointed out as the drawback. A solution to this problem was proposed in [12], [15] as ZVT (Zero Voltage Transition) circuit topology with two switches as shown in Figure 1(c) This partial resonance topology became the basic soft switching topology and various applications were proposed in the literature. Our literature survey showed that boost choppers are mostly based on one resonant switch [13] as shown in Figure 1(b), passive auxiliary resonant circuit [16] (with added passive snubber) as shown in Figure 1(d) and ZVT [15]. In case of high booster ratio, the most used topology is based on coupled inductors [17] as shown in Figure 1(e). However, most of the surveyed papers were in the power range below 1 kW. There are very few examples of papers regarding 100 kW range for EV application with the exception being the non-isolated bidirectional converter discussed in [18] and shown in Figure 1(d).


Figure 1: High efficiency switching topologies
B. Proposal of New High Efficiency Chopper Circuits
This paragraph discusses the recent author’s effort and research activities in improving the efficiency of high power bi-directional chopper circuits.

C-Bridge switch shown in Figure 2(a) was proposed in [19] for high power application (8 kW) and 96.0 % efficiency at 25 kHz was obtained. Later on, Quasi-resonant Regenerating Active Snubber (QRAS) was proposed in [20] to achieve ZCS turn-on and ZVS turn-off and regenerating the snubber energy. The efficiency of 97.5 % was obtained for an 8 kW prototype operating at 25 kHz. The efficiency was further improved by using new semiconductor devices. This was published in [21] [22] where efficiency improvement from 97.5 % to 98.5 % operating again at 25 kHz was reported. The improvement was achieved by using SiC schottky diodes in 8 kW QRAS chopper. SAZZ (Snubber Assisted Zero Voltage and Zero Current Transition) topology was proposed after reconsidering the QRAS soft switching operation. SAZZ implements ZVZCT turn-on and ZVS turn-off while using fewer circuit components, than in QRAS topology [23]. 97.8 % efficiency was measured on SAZZ converter prototype operating at 100 kHz with the power output of 8 kW [24]. The SAZZ circuit operational principle was extended to a bidirectional buck and boost SAZZ chopper circuit in [25]. The bi-directional converter was tested as a 25 kW converter prototype operating at 50 kHz. The topology reached 96.6 % efficiency in boost mode and 97.4 % in buck mode under nominal power output of 25 kW. The presented topologies are discussed in more details in the following paragraphs with the main goal being high efficiency. As shown further, the proposed topologies offer high-efficiency for high-power applications. The prototypes discussed below were mostly constructed as scaled down models with further power increase kept in mind. The prototypes were tested at rated conditions, under light load, discontinuous current mode and out of resonance operation.
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Figure 2: New high efficiency switching topologies

C. QRAS Chopper Circuit (25 kHz,8 kW) [20]
Figure 3 depicts the circuit diagram of QRAS DC-DC chopper. The main parts of the proposed topology are: two switches (S1 and S2), three diodes (D1,D3 and D4) and a capacitor C2. This configuration retains the desirable properties of the low turn on loss and low turn off loss by so called “soft switching”. Figure 4 shows basic operating waveforms of the QRAS chopper where as Figure 5 depicts the corresponding operational modes. When the switch S1 turns on, the current rise through the switch is limited by the additional inductor SL1 (Mode2 in Figure 4 and in Figure 5(b)). On the other hand, when switch S1 is turned off, the voltage rise across the switch is limited by the snubber capacitor C2 (Mode5 in Figure 4 and in Figure 5(e)).Thus, the converter uses a loss less snubber and high efficiency operation can be achieved.
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Figure 3: Circuit configuration of the QRAS chopper
 SHAPE  \* MERGEFORMAT 



Figure 4: Operating waveforms of the QRAS chopper
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Figure 5: Six operational modes of QRAS chopper.

The soft switching area of QRAS chopper is shown in Figure 6. In almost whole boost operational region, ZCS turn-on and ZVS turn-off can be achieved. 8 kW prototype-model using IGBTs was made as shown in Figure 7. The prototype specifications are listed in Table I. Fig.8 shows the main switch voltage and current waveforms.
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Figure 6: Soft switching area of QRAS topology boost operation
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Figure 7: 25 kHz-8 kW QRAS prototype

TABLE I.  SSpecifications of 8 kW QRAS prototype
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In order to eliminate the reverse recovery of the output diode D5, Si diode was replaced by four paralleled SiC schottky diodes (CSD1012D,1200 V-10 A). The efficiency improvement was evaluated by practical measurements. Figure 9 shows the comparison of converter efficiencies with SiC and with conventional Si diodes for the power output ranging from 1 kW to 8 kW. As can be seen, the observed efficiency improvement is in order of 1 %. The efficiency of 98.5 % was measured at full power output of 8 kW. Measurement of power loss break down showed that the S1 turn on loss and D5 turn off loss was reduced by using SiC diodes.

[image: image8]
Figure 8: Main switch S1 voltage and current waveforms; S1 (PDMB100B12C,1200V,100A)
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Figure 9: QRAS efficiency measurement results at 400 V output

D. SAZZ Chopper Circuit (100 kHz, 8 kW) [23] 

The SAZZ chopper circuit is shown in Figure 10. The main part of the proposed topology includes: two switches (S1 and S2), two diodes (D1 and D5) and the capacitor C2. 
The topology offers zero voltage and zero current transition (ZVZCT) turn-on and zero voltage switching (ZVS) turn-off of the main switch S1. Figure 11 depicts the basic steady-state voltage and current waveforms where as operating modes are shown in Figure 12.

Prior to turning on the main switch S1 (at t0 in Figure 11), the voltage across capacitor C2 is discharged by the action of the auxiliary switch S2 (Mode2 in Figure 12 (b)), resulting in zero voltage and zero current in the main switch S1. As can be seen, capacitor C2 is discharged by a resonance with L2 when switch S2 turns on (Mode2 in Figure 12). When the switch S1 is turned off (at t2 in Figure 11), the voltage across S1 is snubbed by the capacitor C2 (Mode5 in Figure 12). The main soft switching area is shown in Figure 13. In almost whole of the boost operational region ZVZCT turn on and ZVS turn off can be achieved. Non-soft switching area depends on the output power. If full discharge condition of the capacitor C2 is not satisfied with respect to the output power, partial hard switching turn-on and ZVS turn-off are obtained in non-soft switching area [27].

[image: image10]
Figure 10: Circuit configuration of the SAZZ chopper

[image: image11]
Figure 11: Operating waveforms of the SAZZ chopper.

[image: image12]
Figure 12: Six operational modes of SAZZ chopper.
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Figure 13: Soft switching area of SAZZ topology, boost operation
100 kHz-8 kW prototype using IGBTs was fabricated as shown in Fig.14. The specification of this prototype-model is listed in Table II. The waveforms measured on the SAZZ prototype are shown in Figure 15. The waveforms confirm that the main switch turns on in ZVZCT mode. The converter efficiency was measured by using HIOKI 3193 POWER HiTESTER. The measured efficiencies for the complete load range are shown in Figure 16. As can be seen, the efficiency of 97.8 % was measured at the full output power of 8 kW and operating frequency of 100 kHz. Table III shows the comparison between SPICE, SiC-SAZZ and SiC-QRAS chopper. As can be seen in Table III, SAZZ topology retains high efficiency of 97.0 % even at the increased operating frequency of 100 kHz. Total reactor loss was reduced from 49.96 W to 15.74 W due to the difference of the topology. However, D3 loss increased due to the high resonant current (13.9 W to 63.2 W). S1 turn off loss increased due to the increased higher operating frequency (30 W to 48.8W).

[image: image14.emf] 

Snubber capacitor  C 2  

Reactor  L 1  

Auxiliary switch  S 2  

Main switch  S 1  

Output capacitor  C 3  

Input capacitor  C 1  

Ventilating fan  

Reactor  L 2  

Figure 14: 100 kHz-8 kW SAZZ prototype
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Figure 15: Measured waveforms of SAZZ operation (output=400 V,100 kHz, 8 kW); (a) Main switch S1 voltage, current (50MT060WH, 600V, 50A), (b) Auxiliary switch S2 current, (c) Main switch S1 gate VG1
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Figure 16: Efficiency curve of SAZZ prototype, 400 V output, 100 kHz.
TABLE II.  sspecifications of 8 kW SAZZ prototype 

[image: image17.emf]Rating  V 0 =400   V ， P OUT =8   kW   Switch  50MT060WH ， 600   V ， 50   A   Frequency  100   kHz   Circuit type  SAZZ   Control  Pulse width control  with open loop   Cooling  With ventilating fans    


TABLE III.  1100 kHz-8 kW SiC-SAZZ v.s.25 kHz-8 kW SiC-QRAS Loss breakdown.
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E. Bidirectional SAZZ Chopper Circuit (50 kHz, 25 kW) [25]
SAZZ circuit operational principle can be extended to a bidirectional buck and boost SAZZ circuit. Such topology created by combining two basic SAZZ circuits is shown in Figure 17. Waveforms in the boost-operating mode in forward direction are shown in Figure 18. The six operational modes of the forward buck and boost are shown in Figure 19 and Figure 20. The main soft switching areas are shown in Figure 21 and Figure 22. In almost whole boost operational region and buck operational region as well, ZVZCT turn on and ZVS turn off can be achieved. Non-soft switching area depends on the output power. In both directions, non-soft switching areas appear due to the boundary condition unsatisfying the snubber capacitor full discharge condition [27]. If full discharge condition is satisfied with respect to the output power, partial hard switching turn on and ZVS turn off are obtained in both non-soft switching areas.
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Figure 17: Bidirectional boost and buck SAZZ chopper
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Figure 18: Boost mode operating waveforms of bidirectional SAZZ topology, forward direction.

[image: image21]
Figure 19: Six operational modes of the forward boost.


[image: image22]
Figure 20: Six operational modes of the forward buck.
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Figure 21: Soft switching area of SAZZ Bidirectional topology (Forward buck and boost operational region).


[image: image24.emf] 

0.5  

1 . 0  

0.5  

1 . 0   Output voltage  

ZVZCT+ZVS  

ZVS  

Input voltage  

Boundary  

ZVS  

ZVZCT+ZVS  

Boost  

Buck  

Non - soft  switching  

(a)  

(b)  

( c )  

(a)  

(b)  

( c )  


Figure 22: Soft switching area of SAZZ Bidirectional topology (Reverse buck and boost operational region)
Figure 23 and Figure 24 show the efficiency for forward boost operation respectively forward buck operation. Test facilities in the laboratory limited the load condition for boost mode and buck mode operation. Therefore, the efficiency could not be measured under the same input/output voltage condition. The measurements were performed at the load points that were allowed by the load-resistance. It can be concluded that in general the efficiency is higher for buck operation than boost. It is considered that input/output voltage ratio was more suitable for soft switching in buck operation as shown by the comparison of turn-on waveforms between Figure 25 and Figure 26.
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Figure 23: Efficiency of bidirectional SAZZ for forward boost operation
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Figure 24: Efficiency of bidirectional SAZZ for forward buck operation
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Figure 25: Voltage and current waveforms of the main switch, S1 (CM200DU-12NFH, 600V, 200A), forward boost mode at 50 kHz-25 kW, 250 V/400 V
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Figure 26: Voltage and current waveforms of the main switch, S1 (CM200DU-12NFH,600V, 200A), forward buck mode at 50 kHz-25 kW, 420 V/300 V.

F. High Power 3-Phase Interleaved Boost Chopper Circuit (90kW, 30 kHz)

High power motor drives of FCEV application require high power in the range of 100 kW. Three-phase interleaved boost chopper which operates at 90 kW-30 kHz was developed. Operating frequency of 30 kHz could be reached by implementing SAZZ topology where as conventional hard switching topologies have difficulties to operate over 10 kHz. Figure 27 shows the circuit diagram of the converter. Each phase is phase shifted by 120( with respect to each other. The specifications are defined as follows:

· Operating frequency
: 30 kHz

· Output capacity
: 90 kW

· Switch

:CM600DU24NFH, 1200V, 600A

· Cooling

: water cooling
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Figure 27: 3-phase interleaved boost chopper.
Figure 28 to Figure 30 show the examples of the waveforms measured on a single phase at 17 kW. The measurements were conducted on per-phase basis due to limit power available in the laboratory. Figure 31 depicts the efficiency characteristics vs. output power. As can be seen, the DC to DC conversion efficiency is more than 95 % and for power levels lower than 8kW it even exceeds 97 %. Figure 32 shows the converter loss breakdown. Total power dissipation consists of main power devices, S1 and D5, loss of about 36 %, auxiliary power devices, S2, D2 and D3, loss of about 14 %, DC reactor loss 22 % and the rest about 28 %.
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Figure 28: Voltage and current waveforms of the main switch S1U (CM600DU-24NFH, 1200V, 600A), boost mode at 30 kHz-17kW, 145 V/291 V
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Figure 29: Voltage and current waveforms of the auxiliary switch S2U (CM600DU-24NFH, 1200V, 600A), boost operation at 30 kHz-17 kW, 145 V/291 V
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Figure 30: Voltage and current waveforms of the output diode D5U (CM600DU-24NFH, 1200V, 600A), boost operation at 30 kHz-17 kW, 145 V/291 V
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Figure 31: Efficiency of single phase in boost operation.
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Figure 32: Loss breakdown for a single phase of the 3 phase SAZZ converter
III. High Power Density

A power electronic converter is typically formed from the following main elements:

· Power Semiconductors
· Power Passives (Filters/Transformers)
· Interconnections
· Packaging elements
· Thermal management
· Control and auxiliary circuits
All of the elements contribute to the final converter power density and each of them must be considered in order to reach the highest power density possible. Because of the many elements, reaching a high power density is a complex process.

The root of the high power density is usually in high frequency operation and other factors can either support or invalidate its effects. As discussed in the paragraphs above, the high frequency operation can be attained via reducing losses in power semiconductors by employing soft switching converter topologies and advanced semiconductor devices. In the same time, passive components must be designed considering the high frequency operation with related power loss and heat production inside of the components. High power interconnections, packaging elements as well as thermal management assist the main power processing components in performing well close to their performance boundaries. Finally, control and auxiliary circuits control and monitor the converter performance and make sure that it operates as required by design specifications. Operation of all the elements close to the boundary is required in order to achieve the highest power density possible.

A. Contribution of Highly Efficient High Frequency Operation to Power Density

Highly efficient energy conversion has two main effects on the converter power density. The first effect relates to the possibility of increasing the operating frequency and hence reducing the volume of passive components. The second effect relates to the size of cooling system. High conversion efficiency reduces demands on the cooling capacity and hence the volume of the cooling system. Therefore, the high power density converter design should strive for reaching a balance between the volume of the cooling system and volume of the passive components. This is demonstrated in [7] for several components. As shown in Figure 33 for power transformer, power density curves usually exhibit an optimal operating frequency where power density is the highest. This relation is substantially altered by the addition of heatsinks and other components and therefore the final design must be the result of a complete system optimisation.
In addition to direct increase of operating frequency, the frequency can be increased also virtually by using interleaving of multiple phase shifted converter modules [28]. This approach splits the total output power into several portions which are individually processed by separate converter modules/phases. The phases operate phase-shifted with respect to each other which increases the operating frequency from the filtering point of view.
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Figure 33: Example of power density of transformer with natural cooling (top line) with volume of semiconductors’ heat sink added (middle) and volume of the output inductors added (bottom) [7]
In addition to this, the interleaving also reduces rms currents in the filter capacitors which results in further reduction of the filter volume. An optimisation of dc-dc converter from the number of phases point of view is discussed in [29]. As shown, interleaving has a positive effect on power density as well as on conversion efficiency. In the presented design, four interleaved phases offered the best results and were used in the prototype construction. Interleaved converters can use much more than four phases. A 1 kW converter with as many as 36 interleaved phases is presented in [30]. The presented designs resulted in improved efficiency and in the same time heatsinks could be completely omitted and the whole 1 kW converter could be constructed using solely SMD components.

B. Packaging for High Power Density

Packaging in power electronics has recently attracted a lot of attention. It has been recognised that proper classification of packaging terms [31] and quantification of packaging efficiency [32] can yield improvements in converter performance with respect to various design objectives. As demonstrated in [33], different approaches to packaging yield different results if evaluated from point of view of efficiency, power density, technological complexity, number of components, etc. From the power density point of view, all evaluated advanced concepts performed better than a design based on discrete components with higher than fourfold improvement in two presented cases.

According to [33], integration of components and increasing the functionality of packaging elements have large influence on power density. Increasing the functionality of packaging elements can be demonstrated on so called heat conductor converter [33] shown in Figure 34. In this design, copper bus-bar element fulfils functions of bus-bar, mechanical support, inductor winding and heat removal element in the same time. This substantially reduces the complexity of the converter design as well as the total converter volume due to using single element instead of four.

[image: image36.png]



Figure 34: Heat conductor converter [33]
In integrated components, several devices utilise the same packaging as well as functional elements which reduces the total number of elements in the converter as well as their volume. The effect of this approach can be demonstrated for example on LLCT structure as presented in [34] where two inductors, a capacitor and a transformer are integrated into a single component. The resulting component requires only one set of heat removal and mechanically supporting elements which reduces the total volume. In the same time, air that would be present between the three components is largely rejected which further improves the power density.
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[image: image54.wmf] 

C

out

 

S

1

 

S

2

 

S

1a

 

C

2

 

C

1

 

D

2

 

R

L

 

L

1

 

L

2

 

E

1

 

C

in

 

S

3

 

S

4

 

L

3

 

C

4

 

C

3

 

S

3a

 

S

2a

 

S

4a

 

D

1

 

D

3

 

D

4

 

DRB

4

 

DRB

2

 

DRB

3

 

DRB

1

 

 

C

out

 

S

1

 

S

2

 

S

1a

 

C

2

 

C

1

 

D

2

 

R

L

 

L

1

 

L

2

 

E

1

 

C

in

 

S

3

 

S

4

 

L

3

 

C

4

 

C

3

 

S

3a

 

S

2a

 

S

4a

 

D

1

 

D

3

 

D

4

 

DRB

4

 

DRB

2

 

DRB

3

 

DRB

1

 

 

 

 

C

out

 

S

1

 

S

2

 

S

1a

 

C

2

 

C

1

 

D

2

 

R

L

 

L

1

 

L

2

 

E

1

 

C

in

 

S

3

 

S

4

 

L

3

 

C

4

 

C

3

 

S

3a

 

S

2a

 

S

4a

 

D

1

 

D

3

 

D

4

 

DRB

4

 

DRB

2

 

DRB

3

 

DRB

1

 

 

C

out

 

S

1

 

S

2

 

S

1a

 

C

2

 

C

1

 

D

2

 

R

L

 

L

1

 

L

2

 

E

1

 

C

in

 

S

3

 

S

4

 

L

3

 

C

4

 

C

3

 

S

3a

 

S

2a

 

S

4a

 

D

1

 

D

3

 

D

4

 

DRB

4

 

DRB

2

 

DRB

3

 

DRB

1

 

 

 

 

C

out

 

S

1

 

S

2

 

S

1a

 

C

2

 

C

1

 

D

2

 

R

L

 

L

1

 

L

2

 

E

1

 

C

in

 

S

3

 

S

4

 

L

3

 

C

4

 

C

3

 

S

3a

 

S

2a

 

S

4a

 

D

1

 

D

3

 

D

4

 

DRB

4

 

DRB

2

 

DRB

3

 

DRB

1

 

 

C

out

 

S

1

 

S

2

 

S

1a

 

C

2

 

C

1

 

D

2

 

R

L

 

L

1

 

L

2

 

E

1

 

C

in

 

S

3

 

S

4

 

L

3

 

C

4

 

C

3

 

S

3a

 

S

2a

 

S

4a

 

D

1

 

D

3

 

D

4

 

DRB

4

 

DRB

2

 

DRB

3

 

DRB

1

 

 

(e) 

Mode

5

                   (f) 

Mode

6

 

(a) 

Mode

1                (b) 

Mode

2:

ZV

ZCT

 

(c) 

Mode

3

：

ZV

ZCT

           (d) 

Mode

4

 


[image: image38.png]lain core





Figure 35: LLCT circuit diagram and internal structure [34]
C. Optimisation of Component Shapes and Layout

Addressing packaging in power converter design often results in using advanced technologies and materials. This is accepted in some applications but in some others a more conventional approach might be preferable due to cost limitations. As demonstrated in [35], truly high power density can be reached even by using solely conventional components by optimising the component shape and layout as well as paying close attention to the thermal management.
In conventional converter design, the largest space is usually wasted between the components due to their poor fitting or not paying attention to the geometrical component layout at all. In reality, any converter design offers certain flexibility to the component layout and increased effort can result in minimising the empty space inside the converter structure and hence in high power density. The flexibility in the design of passive components can help to mitigate the empty space as demonstrated in [36]. In the presented 50 kW converter design, transformer and inductor dimensions were chosen such that they would fit the dimensions of implemented IGBT modules. This resulted in little empty space inside the converter structure and in power density as high as 13 kW/l. Similarly in [35], diodes and capacitors are placed in the cavities next to the inductor winding (as shown in Figure 37 for diodes) which reduces the empty space and saves the extra space where these components would be placed otherwise.
D. Thermal Management and Power Density

A conventional way of removing heat from power components is by convection. In case of active components it often means individually cooled devices placed on heatsinks. In passive components it means airflow directly over components’ surfaces. Convection has a big disadvantage with respect to power density which is the requirement of usually large empty spaces to allow for the required airflow. Therefore, in recent years conduction of heat away from passive as well as active components was introduced in power converters aiming for high power density. The use of conduction can be demonstrated on examples shown in Figure 34, Figure 36 to Figure 38. The presented solutions range from using lead frame in relatively low power converters [38], thermal bus-bar [33], heatsink embedded components [39] to individually thermally solved components in high power converter [36]. All the presented solutions use relative simplicity and low volume of heat conducting elements. In the case of the solution presented in [36], the heat conduction is supported by using heat-pipes at critical places like for heat removal from transformer and inductor windings for example.
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Figure 36: 50 kW converter with shape optimised components [36], [37]
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Figure 37: Placing components in winding cavities [35]
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Figure 38: Heat removal based on lead frame [38] (top) and heatsink embedded components [39] (bottom)
E. Influence of Control and Auxiliary Circuits on Power Density

Little attention is usually paid to power density of control, gate drive and auxiliary circuits in conventional high power density converter designs. Their volume is considered small and “negligible” with respect to power processing circuits. The effectiveness of their design starts to play important role as the power density increases and at a certain point it becomes very critical. This can be demonstrated on the case study design as presented below. The power density of the complete converter can be as high as 25 kW/l for liquid-cooling but the power density of the gate drive circuit is only in the range of 0.3 – 0.5 kW/l. Because the gate drive circuit occupies almost 30 % of the converter volume, the power density of the power processing part is as high as 34 kW/l. In spite of the gate drives’ low power density, the gate drive design is rather advanced with the printed circuit board almost completely populated by components with vertical boards added to fit more components onto the restricted board area as can be seen in Figure 39. This means that the technology used for gate drive and control circuits becomes very important at really high power densities and improving power density of control and auxiliary circuits could substantially improve the power density of the complete converter.

[image: image43.jpg]



Figure 39: Gate drive unit of the case study converter

F. Overload Requirement and Power Density

Overload requirement in a converter design typically demands designing all power processing components for the overload power level and thermal management for the overload time duration. In the consequence, both these aspects result in a reduced power density if nominal power is considered due to the over-dimensioning of all components and thermal management parts. This is demonstrated on a simple example presented in Figure 40. The figure depicts the power density of the integrated inductor used in the design presented below at various power levels without considering the required thermal management. The two curves represent the design cases with and without the overload and the arrows indicate the power density reduction if the overload is required. The considered overload is 220 % in this case. The inductor volumes and consequently power densities are calculated by considering the saturation flux density as the core size limiting factor and the core winding gap as the winding size limit; thermal management is not considered. The cores used for this illustration are standard planar E cores as available in the core manufacturers’ catalogue.

As can be seen, power density of the inductor decreases as the output power increases. Even more substantial power density reduction is observed if the overload operation is required. The 220 % overload requirement reduces the component power density to approximately 40 %. Further power density reduction can be expected in case if thermal management would be considered.
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Figure 40.
Power density for integrated SAZZ inductor with respect to converter output power, with and without overload requirement (overload 220 % considered)

The power density typically serves as a universal parameter for comparing different design approaches. The fact that it varies strongly with the overload requirement complicates the power density indication for such designs because the power density can be indicated without or with considering the overload. However, in both cases the resulting power density figures are not objective and therefore not comparable with the designs which do not require the overload operation. This occurs because in case of neglecting the overload requirement and considering only the nominal power, the resulting power density figure is very low and its reduction can be compared to what is indicated in Figure 40. Power density calculated in this way underestimates the converter design because all the power processing components must be designed for a higher power level required by the overload operation. On the other hand, if the overload is considered, the resulting power density is usually very high. This is unfair with respect to designs without the overload because converters designed for overload operation can not operate under overload conditions for an extended period of time (the thermal management is usually not designed to withstand such long overload operation). Therefore, in order to compare converter designs with and without the overload operation requirement, a new power density calculation methodology is needed.

The new methodology, first proposed in [40], is based on using maximal continuous power level to calculate the power density. This power level is typically higher than nominal because a thermal overhead is required in order to allow the overload operation. The new method removes the unfavourable conditions related to considering or not considering the overload operation. The resulting power density is higher than in case of using the nominal power level and lower than in the case of using the overload power level. Therefore, it is more realistic and fairer for comparison with designs which do not require the overload operation. Power density calculated in this way includes also the thermal management the design of which varies depending on the required overload time duration.

G. Converter Case Study with High Power Density, High Efficiency and Overload Capability

The main objectives of the presented design concept are high efficiency and power density. These objectives are followed by careful consideration of the issues addressed in the preceding discussion. As the result, following design choices are implemented in the converter design:

· Bidirectional SAZZ converter topology [41]
· Parallel CoolMOS devices – two parallel devices for main switches

· Integrated inductors

· Interleaved converter modules – four modules

· Conduction as the main heat removal method

· Layered converter structure with optimised space utilisation

More details on each design aspect can be found in [35].

Case Study Specifications

Main design specifications which are also considered as an example of specifications for traction automotive dc-dc converters are listed in Table IV. As can be seen, automotive converters must typically operate in a broad range of input and output voltages and they must also sustain a considerable overload (almost 240 % overload for the time period of 20 s in the presented case). Especially, the overload requirement has a great impact on the overall converter power density due to the necessity of designing all the components for the overload conditions.
TABLE IV.  
Main Converter Specifications

	Input Voltage Vi [V]
	120 – 166 (ViN=150V)

	Output Voltage Vo [V]
	300 – 500 (VoN=300V)

	Output Power Po [kW]
	8.4 (20 kW overload for 20 s)

	Operating Frequency fs [kHz]
	200


Converter Design

3D converter models are shown in Figure 41 though to Figure 44. Figure 41 and Figure 42 depict the single converter module in collapsed respectively exploded view. As can be seen from Figure 42, the structure is built around the integrated inductor positioned in the modules’ centre. The interconnect PCB and Gate drive unit are positioned above the main converter body.

                           [image: image45.jpg]



Figure 41.
Single module collapsed view
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Figure 42.
Single module exploded view
Figure 43 and Figure 44 show 3D models of the complete converter structure with air-cooling respectively liquid-cooling. The two structures are almost identical with the only difference being liquid cooled cold plate replaced by heat-pipes attached to forced air-cooled heatsinks in the case of the air-cooled assembly. Both structures are very compact and there is little empty space inside of them.
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Figure 43.
Complete air-cooled assembly
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Figure 44.
Complete liquid-cooled assembly

Figure 45 shows the prototype of the single 2.1 kW converter module next to an AA battery cell. As can be seen the converter module is very small and compact. The complete assembly of the liquid-cooled converter is then shown in Figure 46. Notice, there is little empty space available inside the converter structure.
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Figure 45: Single converter module prototype
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Figure 46: Complete liquid-cooled converter prototype

Experimental results

Tests performed on the single module converter prototype cover the complete range as required by the design specifications. Converter performance under continuous overload conditions was also tested in order to evaluate the converter power density using the approach as discussed in paragraph III.F. Test results performed on the complete converter were not available when writing this paper and therefore they are not included.
The complete efficiency curve for the power range from 600 W to approx 5 kW is shown in Figure 47. As can be seen the converter exhibits peak efficiency slightly higher than 95 % and this efficiency is held through the whole continuous overload power range up to 3.35 kW. The limit of continuous overload was determined by observing the temperature rise of the converters’ top surface. Placing the thermocouples inside the converter structure was also considered but this could not be done due to the limited space. For the continuous power output of 3.35 kW, the measured temperature rise was 60 (C which was considered as the maximal allowed temperature rise. This value was chosen because it corresponds to a hot-spot in the inductor of approx. 150 (C for the heatsink temperature of 70 (C. Short-term overload was also tested under the temperature rise constrain of 60 (C. The time interval of 50 s was measured at the power output of 5 kW from the single module as the time required for the converters’ top surface to heat-up by the specified temperature rise of 60 (C. This is much longer than the 20 s required by the design specifications. Notice that the converter efficiency is reduced to approximately 94 % under full overload of 5 kW which is still very high considering the overload of 240 %.
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Figure 47.
Efficiency curve of single module converter prototype with continuous as well as short-term overload, nominal voltage conversion 150 V to 300 V

Power density figures calculated by using different available power levels are listed in Table V. As discussed in paragraph III.F, the total power density of converters with overload operation should be calculated using the continuous overload power. Based on this assumption, the power density of the complete converter prototype was calculated as 25 kW/l for liquid cooling and 16.4 kW/l for air-cooling. These power densities are among the highest in the class.

TABLE V.  
Power densities calculated for Converter Design II

	
	Nominal Power

8.4 kW
	Continuous Overload

13.5 kW
	Short-term Overload

20 kW

	Power Density [kW/l]
	Liquid-cooling

	
	15.5
	25
	36

	Power Density [kW/l]
	Air-cooling

	
	10.2
	16.4
	24.3


In case that bi-directional operation is not required, the output MosFETs can be replaced by conventional or SiC diodes. The possibility of using SiC diodes was tested in order to assess their influence on the converter efficiency. The comparison of efficiency curves measured with and without using SiC diodes is shown in Figure 48 for voltage conversion ratio of 120 V to 300 V. As can be seen, the efficiency improvement solely due to using SiC diodes is over 2 % in almost the whole considered power range. The peak efficiency under nominal voltage conversion of 150 V to 300 V was measured as high as 96.2 %. The final efficiency value could be still improved if measured on the complete converter with interleaved converter modules due to loss reduction in the input and output capacitors. Considering that the output MosFETs in the converter structure can be replaced by SiC diodes without any gain in converter volume, doing so would result in a power converter with power density of 25 kW/l and efficiency possibly as high as 97 %. This is a remarkable result considering that the whole converter is based solely on conventional components.
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Figure 48.
Comparison of efficiency curves of with and without SiC Diode in the rectifier, conversion 120 V to 300 V

IV. Conclusions
Vehicles with electric propulsion require highly efficient power converters with high power density. In this paper, issues related to reaching high power density and in the same time high efficiency are discussed. At first, several state of the art power converters based on SAZZ soft switching topology are presented. It is shown that efficiencies close to 98 % are attainable in high power converters at operating frequencies as high as 100 kHz using IGBT devices.
In the second part of the paper, issues related to reaching high power density in high power designs are discussed. It is pointed out that high power density is influenced by many design aspects and converters must be designed as close to the operational boundary as possible while most of the empty space inside of the converter structure should be eliminated in order to reaching as high power density as possible. It is also shown that the resulting power density is strongly dependent on the overload requirement and a new method of power density evaluation based on continuous overload is proposed. The discussed approach to high power density designs is concluded by presenting high power converter based on SAZZ topology and CoolMOS devices operating at 200 kHz. The presented prototype reaches power density as high as 25 kW/l while using only conventional components. In the same time, the conversion efficiency of the complete converter is expected to be as high 97 % based on the experimental results of a single converter module.

The presented design studies and converter prototypes are used in this paper as the proof of concept for reaching high power density and high efficiency. The presented results look promising but more studies are needed in order to improve the power density and conversion efficiency even further. The future efforts should concentrate on reaching conversion efficiencies beyond 99 % barrier while not harming the power density.
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Figure 22.  Soft switching area of SAZZ-1 Bidirectional topology(Reverse buck and boost operational region)
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