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COMPENSATION DESIGN
PART III
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Purpose of Compensation

• Reduce INPUT volt-amp (remove reactive power) 
• Reduce switches’ voltage and current stresses 
• Increase power transfer capacity 
• Increase efficiency 
• Minimize sensitivity to parameter variations

漏感 漏感

激磁電感
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Typical Circuit
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PRIMARY SIDE


Input voltage or 

current source

SECONDARY SIDE


C filter

LC filter

系
統
典
型



Basic Connection at Input Side
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PRIMARY SIDE


Voltage source input

PRIMARY SIDE


Current source input

Capacitor voltage 
cannot change. 
No resonance!

Capacitor current 
cannot change. 
No resonance!

✔ ✔

✘ ✘



Secondary Side Circuit
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Large C so that 
Vo is constant

CS

RE -Vo

I2

vOR

i2
Vo

O

R

i2

i2 and VOR are in phase.
VOR is constant.

RE

CS

i2

RE =
8

⇡2
RL

If C is large, output voltage Vo is constant.



Secondary Side Circuit
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RL

Io

Large L so that 
Io is constant

CS

RE

i2

If LC is a large filter, output current Io is constant.
Similarly, i2 and vOR are in phase. 

O

R

-Vo
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vOR
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Simplified System
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SECONDARY 
COMPENSATION 

CIRCUIT

PRIMARY 
COMPENSATION 

CIRCUIT

系
統
簡
化



Resonant Compensation
Series compensation 

Parallel compensation
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The voltage across C and L will exactly cancel each other at 
resonant frequency. For large Q, the individual voltages on C 
and L can be very large at/near the resonant frequency.

!o =
1p
LC

!o =
1p
LC

Note that this is not the exact dual of the series compensation, 
with the inductor in series with the load. Near the resonant 
frequency, the currents in C and L cancel, if Q is large. Basically, 
at large Q, the resistance is much smaller than the reactance of 
the inductance or the capacitor. So, the circuit is almost like L || 
C and is open-circuit at resonant frequency.

Q = !CR =
!L

R
Qo =

1

R

r
L

C



Secondary Single Cap Compensation
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M M

�j!MIS �j!MIS j!MIPj!MIP

LP LSLS LP

CS

CS

RE RE

!2M2

ZS

ZS !2M2

ZS

ZS

Zr =
!2M2

ZS
Reflected impedance at primary

Current at primary IP =
Vin

j!LP + Zr

Vin
Vin

++

––

Power transferred from P to S: P = I2P<[Zr]

COMP TYPE Real Part of 
Reflected Zr

Imaginary Part 
of Reflected Zr

Characteristics

SERIES 0 No reactive part

PARALLEL
Zr is capacitive, and 

reactive part is 
independent of load

!2M2

RE

M2RE

L2
S

�!M2

LS

Zr = Zr =
! = 1/

p
LSCS ! = 1/

p
LSCS

PARALLEL COMP
SERIES COMP



Secondary Single Cap Compensation
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M

j!MIP

IP

Suppose IP is controlled 
to be constant

MIP
LS

LS

LS

CS

CS

RE

RE

Then, the output current is exactly M IP/LS 
independent of the load, which is excellent 
for charging application.

RESONANT 
(OPEN)

M

LS CS

LS

CS

RESONANT 
(SHORT)

j!MIP

j!MIP

Suppose IP is controlled 
to be constant

Then, the output voltage is exactly j𝜔 M IP 
independent of the load, which is excellent 
for regulated voltage application.

BOTH CASES HAVE MAX POWER TRANSFER CAPACITY, BUT POOR INPUT POWER FACTOR.

PARALLEL COMP SERIES COMP



Primary Single Cap Compensation
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j!MIP�j!MIS

CP LP LS

REIP
IS

M

SERIES COMP

Vin

+

–

At resonance of CP and LP + Im[Zr], the input voltage goes directly to the ideal transformer and to the 
output. The input power factor can be maximized, theoretically to 1. 
Basically, the reactive voltage across CP cancels out the whole reactive voltage across the primary coil. 
Primary compensation reduces input VOLT-AMP, i.e., improves power factor! 

THUS, SINGLE CAP COMPENSATION AT EITHER PRIMARY or SECONDARY CANNOT 
ACHIEVE BOTH HIGH INPUT POWER FACTOR AND MAXIMUM POWER TRANSFER.

CP LP

Zr

Zr



Two Capacitors Compensation
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(a) S/S COMP (b) S/P COMP

(c) P/S COMP (d) P/P COMP

A
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R

A
I
R
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PRIMARY

PRIMARY

PRIMARY

PRIMARY

SECONDARY

SECONDARY

SECONDARY

SECONDARY
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• To maximize the power transfer capacity, the 
secondary compensation capacitor CS should 
cancel completely the self-inductance LS (in the 
coupled inductor model).  

• To minimize the input VOLT-AMP (maximize 
power factor), the primary compensation 
capacitor CP should cancel out completely the 
primary side self-inductance and all reflected 
reactive part from secondary. 

• For SS, the change of k does not cause 
mismatch in the resonant frequenies of the 
two sides. 

Normalized primary compensation capacitor

Two Capacitors Compensation

Cpn =
CP✓

CSLS

LP

◆ Ip is generally not constant, p. 11 is not applicable. 
Parallel C does not cancel the self-inductance completely. 
Thus, PS, PP, SP are k dependent!



Two Capacitors Compensation
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Voltage Output Curves
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20kHz 30kHz 40kHz 50kHz 60kHz

RE=50W

RE=200W

RE=400W

S/S Voltage Gain S/P Voltage Gain

P/P Transresistance Gain P/S Transresistance Gain

Observe: 

Which compensation can 
achieve load-independent 
voltage gain? 

Where (what frequency) 
would this occur? 

- S/S at two frequencies 
- S/P at one frequency 
- P/P approximately over 
some range



S/S Compensation
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Compensation of self inductances (in coupled inductors model)
M

j!MIP�j!MIS

CP LP LS
CS

!2M2

RE
RERE jvABRE

!M

A

B

A

B

vAB vAB

😀 Input is resistive. Unity power factor! 
😀 Output current is constant, independent of load!

😫 Output voltage is proportional to load. 
😫 Input current can be very high at light load or no load.



S/S Compensation
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vAB

C1 C2LL1 LL2

vOSLM

* *
1:n

+

−

+

−

RE vAB vOSLM

* *

1:n
+

−

+

−

REHw

Compensation of leakage inductances (in transformer model)

At resonance

😀 Output voltage is independent of load!

😫 Input is reactive (inductive). 
😫 VA becomes relatively high at light load. 
     Low input power factor!



Classic Example of S/S Compensation
KAIST 
27 kW output,  
27 cm air gap,  
Highest efficiency 
74% 
Output voltage  
408 V 
Output current 66.2 A
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C1 C2

Lm
IS IO

LL1 LL2

LL2
C2

Lm
IS

resonant (short)

Vth = jn!sLmIS

1 : n

1 : n

n2Lm
IO

Ro
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IEEE TRANSACTIONS ON POWER ELECTRONICS, DECEMBER 2011



S/P Compensation
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C1 L0
L

L0
M

1 : n0

C3 RE

+

–

n0 =
LS

M

resonant 
(short)

) vAB

+

–

vAB REvOS

+

–

resonant  
(open behind voltage)

1 : n0

😀 Input is resistive. Unity power factor! 
😀 Output voltage is constant, independent of load!

😫 Input current rushes up under shorted load. 
😫 At light loads, frequency splits for input phase angle and 
locked phase occurs.

Voltage gain only affected by C1. 
Input phase angle affected by C3.



S/P Compensation
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S/P Application Example
Waseda University 
30 kW, 22 kHz, 10cm gap, 92% efficiency
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Series compensation 
for resistive input (high 
power factor)

Parallel compensation 
for maximizing power 
transfer efficiency.

CAUTION IN READING CIRCUITS: 
Don’t judge the circuit by how it looks.  
The capacitor at the output is for 
resonance, NOT for output filtering!

IEEE Vehicle Power and Propulsion Conference (VPPC), 2010.



P/P Compensation
The input should normally be a current source, such as current fed from an inverter.
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C1

M

j!MIP�j!MIS

ISIP

LSLP

C2 RE

I1

M2RE

L2
S

IP

LP

I1
j!C1

C1

THEVEVIN SOURCE

C2 RE

MIP
LS

LS

NORTON SOURCE

RESONANT 
(OPEN)

RESONANT 
(SHORT)

😀 Output voltage is constant, 
independent of load!

😫 Input impedance is capacitive!

MIP
LS

=
LSI1

j!MC1RE

) VO =
LSI1

j!MC1

FROM TRANSFORMER MODEL

X



P/P Application Example
University of Auckland (2005) 
30 kW, 150 A, 20 kHz, 6 Ω load 
k = 0.45
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EQUIVALENT 
CURRENT SOURCE 

INPUT

OUTPUT VOLTAGE 
INDEPENDENT 

OF LOAD

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, OCTOBER 2005



P/S Compensation I
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Again the input should normally be a current source, such as current fed from an inverter.

C1

M

j!MIP�j!MIS

IP

LSLP

C2

RE

I1

THEVEVIN SOURCE

RESONANT 
(SHORT)

LP
C1

I1
j!C1

!2M2

RE
j!MIP

LS

C2

RE

RESONANT 
(SHORT)

X
IP IS

IS

😀 Output current is constant, 
independent of load, if input 
current is fixed. 

😫 Input impedance is capacitive!

REI1
!2MC1

) IO =
I1

!2MC1



P/S Compensation II
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Again the input should normally be a current source, such as current fed from an inverter. 
But we use the transformer leakage inductance model.

C1

L0
L

C2

RE

1 : n0i1

RESONANT 
(SHORT)

RESONANT 
(OPEN)

n0 =
M

LP

!2
P =

1

LPC1
=

1

(LS �M)C2

L0
m

😀 Output current is constant, independent 
of load, if input current is fixed. 
😀 Input impedance is resistive

RE

1 : n0i1



Optimization Example 
Hong Kong Polytechnic Univ. 2014
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S/S Compensation Optimization
Can we control the output voltage as well as maximizing efficiency? 
Transformer efficiency optimization:
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CP RP LP LS RS
CS

M

j!MIP�j!MIS

⌘P =
<[Zr]

RP + <[Zr]

ZSZr

<[Zr] =
!2k2LPLS(RL +RS)

(RL +RS)2 + (!L� 1
!CS

)2
where

RL

⌘S =
RL

RL +RS

PRIMARY SECONDARY 

⌘T = ⌘P ⌘S

d⌘T
d!

= 0

!M 2 [!S ,1]

Best efficiency at frequency above ⍵s.  
 This frequency is load dependent.

) !M =
!Sq

1 = 1
2Q2

o
—

ISIP
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S/S Compensation Optimization
Qo1 =

r
1

2�
(1 +

p
1� 3�) ; � = k2

QP

QS

For � < 1/3,

the optimal efficiency is at Qo1.

For � � 1/3,

the optimal efficiency increases 
monotonically as Qo decreases.

RO = RS +RL
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S/S Compensation Optimization
Key results:  If QP = QS, then λ = 1/3 corresponds to k = 0.577. 
When λ < 1/3, k < 0.577 (which is usually the case). 
In this case, if the load is near Qo1, 𝜔M is just slightly higher than 𝜔S.  

We may say 𝜔M ≈ 𝜔S, 
and conclude that the optimal 
efficiency point is near 𝜔S.

RL large RL small



S/S Voltage Gain
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There are two cross points:

!L =

s
!2
P + !2

S +
p

(!2
P + !2

S)
2 � 4(1� k2)!2

P!
2
S

2(1� k2)

!H =

s
!2
P
+ !2

S
�
p

(!2
P
+ !2

S
)2 + 4(1� k2)!2

P
!2
S

2(1� k2)

Clearly, we need to set the frequency at these 
points to get constant (load-independent) 
voltage output.  But 𝜔H > 𝜔S  always ! 

We can try to make 𝜔H and 𝜔S close to each 
other, so that we have constant (load-
independent) voltage and high efficiency.

!S



Optimal Efficiency

•  ωM ≈ ωS must be set by CS to optimize efficiency 
•  ωH  can be made closer to ωS, so that operating at ωS can also offer load-

independent output current 

• ωH  can be set by CP which sets ωP.
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|Gv| 
Voltage Gain Cross Point

Optimal Efficiency 
Efficiency

S/S COMP ωH ωM ≈ ωS (λ<1/3)

!H =

s
!2
P
+ !2

S
�
p

(!2
P
+ !2

S
)2 + 4(1� k2)!2

P
!2
S

2(1� k2)



Setting primary compensation capacitor for efficiency 
improvement (move ⍵H close to ⍵S)

35

CPn =
LSCS

LP

Optimal Primary Capacitance as 
Normal Capacitance

But this does not make ωH  close to ωS.  
So, try increasing Cp a bit, and see if ωH  

may come down a bit as well.
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HK PolyU Results 2014
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Design for Constant Current Output
Series-series resonance at primary and secondary sides: 
😀 Input impedance is resistive, i.e., high power factor. 
😀 Output current is constant, load-independent. 
😀 Efficiency is optimal.
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RP LP LS RSM

j!MIP�j!MIS

ZSZr

RL

CP
RL

!2M2

RL

jvINRL

!M

!2M2

RL

jvIN
!M

vIN

vIN

vIN

+

—

+

—

😫 Output voltage is proportional to load. 
😫 Input current can be very high at light load or no load.

CS

RL



Optimal Design Guideline
GENERAL STRUCTURE



General Expressions
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基
本
公
式



Where does best efficiency occur?
Series-series compensation: 

When primary self-inductance is compensated 
out, the output is constant current, which means 
constant transconductance. In this case, all 
reactive current is cancelled, and efficiency is 
optimal. 

Thus, we can find the value of the 
transconductance at this compensation point: 

and the resonant frequency is

40

M

j!MIP�j!MIS

CP LP LS
CS

RE

A

B

vAB

Moreover, the max efficiency point is at a 
particular load, which can be found as 

where 

Clearly, RL,m is k-dependent and hard to measure 
directly. A heuristic Perturb&Observe control is 
normally used for max efficiency tracking.



41

Where does best efficiency occur?
Series-series compensation: 
When the best efficiency happens, 
it has to be at RL,m, and the 
operating frequency should be set 
for load-independent 
transconductance or output 
current. 
But at this point, the voltage gain 
cannot be load-independent! We 
can find this gain as 

Control 
It is thus possible to achieve max efficiency by 
controlling the output relation to fit this H(RL,m). By 
controlling the input voltage level, we can maintain 
this value of H and the load point at RL,m. However, we 
will need another dc-dc converter for load change, as 
the power level is determined by the load.
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MAX EFFICIENCY 
POINT io/vi vo/vi io/ii vo/ii

SS

SP

PS

PP
Gi = !SM

p
1� k2

k2

! = !P = !S

! = !S =
!Pp
1� k2

! = !P =
!Sp
1� k2

! =
!Pp
1� k2

=
!Sp
1� k2

!P =
1p

LPCP

!S =
1p

LSCS

k =
Mp
LPLS

RL,m = !PM�

RL,m = !PML2
S/M

2�

RL,m = !PM�

RL,m = !SM
p
1� k2L2

S/M
2�

� =

r
RS

RP

Hi = �

Hi =
�

!SLS

Hi = !PLP �

Hi =
LP

LS
�

LIC LIV

LIVLIC

LIV

LIVLIC

LIC



Higher Order Compensation



Trick to get constant output voltage or 
current: 

First create constant primary winding current



With constant IP
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The secondary side becomes

j!MIP

constant

CSLS

RESONANT 
(short) vOSRE

+

—

With secondary series compensation, 
we get constant output voltage.

j!MIP
RECS

CS RE

LS

LS

MIP
LS

RESONANT (open)

With secondary parallel compensation, 
we get constant output current.



Realizing constant primary winding current  (I)
Auckland University, LCL primary circuit
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vAB

LP LS

-jωMIS jωMIP

ip isM

+

−

+

−
vOS

+

-

��

��
C1

Lr

+

−

SEC 
COMP

LP LS

-jωMIS jωMIP

ip isM

+

−

+

−
vOS

+

-

��

��
AB

r

v
j Lw

SEC 
COMP

NORTON + RESONANT

Constant primary winding current

😀 Primary current and output current are load 
independent. 
😀 Primary current being constant current source, 
hence suitable for multiple secondary design. 
😀 Inverter only provides active power. 
😀 LP does not affect the primary current and the 
resonant frequency does not need to change even 
when coupling coefficient and self-inductance vary.  

😫    LCL needs more components and cost.
Lp does not matter if it is current source driven!
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Realizing constant primary winding current  (II)
Windsor University, LCC primary circuit 
The added CS1 connected in series with 
the self inductance at primary will further 
cancel the self inductance, while the C1 in 
parallel will create constant current, like in 
the previous LCL design. 
😀 The LCC approach gives larger 
primary current and hence higher power 
transfer capability. 
😀 Offers constant current over a wide 
operating range. �j!MIS

L0
P = LP � 1/!2CS1

Ieqv =
VS

j!L0
P

L0
P

Lp is partially cancelled, hence allowing greater current to be delivered.



WINDSOR UNIVERSITY, CANADA 2015



Further extension - double LCC
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Michigan University at Dearborn, LCC primary 
and secondary circuits 
😀 The LCC approach gives larger primary 
current and hence higher power transfer 
capability. 
😀 LCC on both primary and secondary sides 
reduces the self-inductances, hence reduce the 
size of compensation capacitors.  Overall system 
volume reduces. 
😀 Wide operating range for constant output 
current.



Large misalignment, poorly coupled
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M M

Under severe misalignment, M becomes very small (k is small).

LSLSLP LPCP

CPj!MIP
j!MIP

IP IP
ISIS

�j!MIS �j!MIS
vAB

+

–

2 21
in P P

P S

MZ j L R
j C Z

ww
w

= + + +
2 2

1
1in

P

P P
S

Z
j C

Mj L R
Z

w
ww

=
+

+ +

As M becomes very small, IP will rise rapidly and 
input current can be very large!

Primary series comp Primary parallel comp

As M becomes very small, IP will drop rapidly, 
and power transfer reduces.



SP/S Compensation
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Zaragoza University, SP/S compensation 
Without C1 , the circuit is P/S compensation.  

When KC = 1, C3 is exactly resonating with L1 at ⍵o. 
But C3 is deliberately chosen to be a bit smaller than 
needed for resonating with L1 (KC < 1).  So, when 
misalignment occurs, M gets smaller, C3 is not enough 
to resonate, making the whole C3 || L1 actually inductive 
at ⍵o. Then, C1 is used to compensate this remaining 
inductance. Thus, even at large misalignment, reactive 
power is still not large, and the power transfer can still 
be high. 

😀 Input is resistive. 
😀 Insensitive to variation of M. 

C2 =
1

L2!2
o

C3PS =
L2C2

L1 +
M4

L1L2C2R2
L

C3 = KCC3PS

KC = 1 means P/S compensation



Higher order compensation
In general, with more L 
and C, we can increase 
design flexibility as we 
have more parameter to 
manipulate. 
But the circuit will be 
more complex to design 
and analyze.
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Interim Conclusion
• Compensation is the core design problem in IPT systems. 
• Single capacitor compensation cannot achieve both lowest reactive 

power and highest power transfer capability. 
• Two capacitors are minimal. One at primary and one at secondary. 
• Theoretically, series-series compensation is the most efficient for V to I 

conversion after suitable compensation and optimization. Likewise, 
series-parallel is best for V to V, etc. 

• Extended C or L will improve misalignment coupling or power capability, 
but with more complicated circuits.
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