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Electric vehicles (EVs) are known for their power efficiency and lower pollution levels compared to traditional
vehicles. The design of dual-motor EV systems, utilizing planetary gear trains, is a significant area of research.
The impact of power circulation on losses in novel and patented planetary gear mechanisms has not been
extensively explored in previous configuration design studies, despite its importance as a key component of the
mechanism. Accurately understanding the power distribution in a dual-motor system seems to be crucial for fully
comprehending an invention. This paper explores the positive aspects and drawbacks of PGT configuration, with
a focus on efficiency, which may affect competitiveness in real-world applications. If power flow estimation is
not possible or if operating constraints prevent it, it is likely that the patent was not thoroughly examined or the
inventor lacked experience in the subject matter. A nomograph is a graphical tool used to analyze the relationships
between variables in power-split systems, including power flow and efficiency. A systematic approach is proposed
for evaluating the performance and power loss of PGTs. Analytical formulas for powers, losses, and efficiency
are derived. A parametric study on a wheel hub motor reveals that a higher gear ratio enhances efficiency and
performance, with power flow analysis indicating power circulation and amplification. Controlling gear ratios
precisely can change power flow direction, enhancing efficiency. Criteria for no power circulation are established,
leading to a new configuration.

 2025 University of Al-Qadisiyah. All rights reserved.

1. Introduction

Environmental issues have received a lot of attention globally in recent
decades, which has increased consumer interest in eco-friendly automobi-
les. When compared to other traditional cars, electric vehicles (EVs) use less
energy and produce less pollution. [1, 2]. This interest has extended across
various industries, including the automotive, commercial, agriculture, and
construction sectors, all of which have actively contributed to eco-friendly
vehicles development. Extensive research has been conducted in multiple areas
to advance the field of eco-friendly vehicles [3–6]. The EVs design of system
configuration is one of the most explored study issues for energy efficiency
and improvement performance of the vehicle in dual-motor systems of EV
[7–10]. In recent years, many studies have been conducted on the topics of
performance optimization and system configuration for energy efficiency, such
as the design of two-engine systems with planetary gear trains for electric
tractors [11–14] and a novel dual-motor EV transmission by synchronizers
for heavy-duty vehicles [15]. Even when these dual - motor systems based on
planetary gear trains offer certain advantages in terms of energy efficiency,
they have significant disadvantages that can add losses due to splitting the
input power which results in the power circulation in the system. Daisuke and
Gunji et al. [16] proposed the wheel hub motor in 2014, which has two distinct
motors and a transmission comprised of two planetary gear trains capable of
delivering both high drive torque and high speeds (see Fig. 1). Where 11 -
First motor, 12 - Second motor, 20 - First planetary gear mechanism, 21 - First
sun gear, 23 - First carrier, 24 - First ring gear, 30 - Second planetary gear
mechanism, 31 - Second sun gear, 33 - Second carrier, 34 - Second ring gear,

40 - Clutch device, 49 - Clutch output shaft, 50 Wheel bearing, G - Gear ratio,
T1(TA), T3 - Output torques under different operating conditions of clutch 40.

Figure 1. A wheel hub motor for driving an electric vehicle [16].
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Nomenclature
ω Angular velocity (rad/s) T Torque (Nm)
η Efficiency R Gear ratio
p Power (watt) β Input angular velocity ratio
l Power losses (watt) PGE Planetary gear entity
z Teeth number of gear eco Economy

The transmission mechanism allows smooth gear-change even during accele-
ration by managing the torque and speed of the two motors. During high-gear
operation, the two motors revolve in the same direction. When low gearing is
required, they revolve in opposing directions. Following that, in 2017, NSK
used this patent to improve on the actual vehicle [17]. It is presently attempting
to market certain components such as the wheel hub bearing with integrated
speed reducer, one way clutch, and wheel hub motor [18]. Yang et al. [19]
proposed a method to find the optimal configurations with high-speed ratio to
satisfy the high-power density in-wheel motor.

Figure 2. A schematic drawing of the compound power split mechanism inte-
grated into IWM [17].

Figure 3. The simplified representation of mechanism depicted in Fig. 2.

Power circulation is a common phenomenon in planetary gear trains, where
power flows differently through the various elements of the system compa-
red to the power being transmitted. When power flows through closed paths
in planetary gear trains, there can be instances of power circulation. This
means that some of the input power ends up circulating within the mechanical
systems instead of being delivered to the desired output. This phenomenon,
influenced by the gear members relative motion, significantly impacts the
efficiency and performance of systems that transmitting power continuously.
Power re-circulating can be small or significant, depending on the planetary
gear system’s kinematic structure. Failure in such systems can occur if the
concept of circulating power is not recognized. To minimize re-circulating

power size and increase efficiency, the design of transmissions with planeta-
ry gear trains considers power circulation, because it does not produce any
useful output work. A key step in evaluating new concepts and patents that
use planetary gear mechanisms is to examine their configuration and how it
affects power circulation and system efficiency. Because the configuration
indicates the ”coreöf the mechanism, it may cause power circulation, resulting
in more losses. The study investigates the positive aspects and drawbacks of
one configuration, emphasizing its impact on efficiency, which may affect its
competitiveness in real-world applications. Correctly determining the power
flow within a two-motor system appears to be the key to gaining a thorough
grasp of an invention. If power flow cannot be determined or if operating
constraints preclude it, it is likely that the patent was not thoroughly examined
or that the inventor was unfamiliar with the subject. Unfortunately, this issue
is not taken into account in any of the past configuration design studies. As
a result, an effective method for detecting power circulation in the integrated
transmission of the wheel hub motor, as well as an evaluation of the amount
of circulating power and its effect on power losses and system efficiency, is
required. The present study employs a parametric approach to evaluate the
impact of design parameters such as the number of gear teeth, local efficiencies,
and input velocity ratio on independent variables such as total efficiency, power
losses, and power circulation. Also this work attempts to shed light on how to
make multipath power flow systems more efficient. This is the first objective
of the paper. It is possible to look for conditions where there is reduced or no
power circulation and use new or modified configurations to do so. This is
accomplished through Objective 2, and the configuration analysis is used to
discover the cause of power re-circulation and how to reduce or avoid it.

Figure 4. The active double-planet split-power subsystem.

In a compound power-split mechanism, the powertrain typically consists of
a planetary gear unit which has a wide range of applications across diverse
industrial sectors [20–29], two electric motors, and a generator. The planetary
gear unit enables power splitting and combining between the electric motors
and the generator. This type of mechanism has been created in practice, but
it has not gotten the same level of attention in theoretical investigations. For
this reason, the present investigation was undertaken to address a gap in the
literature. The general importance of the study stems from the fact that it
contributes to establishing a theoretical basis for NSK system, allowing for
a better understanding of how power circulation influences system efficiency.
Figure 2 shows a schematic drawing of the compound power split mechanism
integrated into in wheel motor (IWM) [17]. Figure 3 depicts the schematic
representation of the system depicted in Fig. 2. Power is transmitted from one
gear per entity (GPE) or planetary gear entity (PGE) to another via common
links. PGE 1 is formed from GPE 1 and GPE 2, while PGE 2 is formed from
GPE 3, GPE 4, and GPE 5. Before proceeding, we should determine which
links are active when the one-way clutch (OWC) is inactive. Power transmits
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at any link to nearby links (common links) or the environment is considered an
active link (fixed, input, and output links). The common links made by links
4(4′) and 5(5′) are utilized to deconstruct the mechanism depicted in Fig. 3
into its constituent PGEs: PGE 1 containing links 4′, 5′, 6, and 7 and PGE 2
containing links 1, 2, 3, 4, and 5. For differentiation, link 4(5) and link 4′(5′)
are alternative designations for the same common link. When the OWC is
inactive, links 1, 4, and 5 become active, resulting in the system being reduced
to a single PGE as shown in Fig. 4.

Figure 5. The major steps of the power flow analysis methodology.

The following flow chart, Fig. 5 shows the major steps of the power flow
analysis methodology. The paper is organized as following: Section 1 of the
paper introduces the background and context of the study, emphasizing the
worldwide interest in eco-friendly vehicles and the necessity for appropriate
system configurations. The compound power-split mechanism is an alternate
arrangement for electric vehicle drive systems. The Nomograph is introduced
in Section 2 as a graphical computation tool for determining complex rela-
tionships between variables. Section 3 explains how to use a nomograph to
detect the power circulation through the elements of a compound power-split
mechanism. In section 4, a systematic approach for studying and calculating
the efficiency and power loss of PGT is proposed. Analytical expressions are
derived for the powers, power losses, and efficiency. Following that in Section
5, the results of the preceding section has been verified. In section 6, the total
efficiency is calculated using the friction losses. The planetary gear configu-
ration used in the wheel hub motor is examined. In most cases, the system’s
overall efficiency is enhanced by precisely regulating the gear ratios, which
in turn adjust the power flow within the system. The conditions for no power
circulation are determined, and an alternative configuration is proposed in
section 7. Also in section 8, limitations to find total efficiency in PGT. And
finally, in section 9, certain conclusions are derived.

2. Nomograph
A nomograph is a graphical calculation tool that allows for the quick deter-
mination of complex relationships between different variables. In the case of
the compound power-split mechanism, a nomograph could be constructed to
represent the efficiency as a function of various parameters, such as velocity
ratio, and operating conditions. The ”velocity ratio”Rv

(w,u) between links (w
and 4) in relation to link (v) of a PGT is expressed as in Eq. 1.

Rv
w,u =

Rc
w,p −Rc

v,p

Rc
u,p −Rc

v,p
=

ωw −ωv

ωu −ωv
(1)

Where links w, u, and v are from distinct GPEs, while links p and c are com-
mon. The gear q, planet gear p, as well as the planet-gear-carrier c, distinguish
the GPE. PGTs are constructed from GPEs. Figure 2 shows how the GPE is
depicted for power flow analysis.

Figure 6. Schematic representation of a GPE.

Equation 1 can be used to get the planet gear ratio Rc
q,p for a GPE as shown in

Eq. 2.

Rv
q,p =

Rc
q,p −Rc

c,p

Rc
p,p −Rc

c,p
=

ωq −ωc

ωp −ωc
(2)

Where Rc
p,p = 1 and Rc

c,p = 0. In relation to the number of teeth Zp and Zq,
Rc

q,p can alternatively be expressed as in Eq. 3.

Rv
q,p =±

Zp

Zq
(3)

Internal gears are denoted by a plus sign, whereas external gears are denoted
by a minus sign. The ”planet gear ratio”for any GPE is represented by the
Eq. 4, Eq. 5, and Eq. 6 respectively.

R5
1,2 =

Z2

Z1
(4)

R5
3,2 =

ω3 −ωc

ω2 −ωc
=−Z2

Z3
(5)

R5
4,3 =

ω4 −ωc

ω3 −ωc
=−Z3

Z4
(6)

By multiplying R5
3,2 by R5

4,3, we get, Eq. 7.

R5
3,2R5

4,3 =
ω3 −ωc

ω2 −ωc

ω4 −ωc

ω3 −ωc
=

ω4 −ωc

ω2 −ωc
= R5

4,2 =
Z2

Z4
(7)

The ring gear 1 is always larger than the sun gear 4, Z1 > Z4, hence 1/Z1 <
1/Z4, therefore Z2/Z1 < Z2/Z4 or R5

1,2 < R5
4,2. Since the range of R5

4,2 is iden-
tified as R5

4,2 > R5
1,2, three possible subcases exist:

1) I f
Z2

Z4
< 1 or Z2 < Z4, then 1 > R5

4,2 > R5
1,2

2) I f
Z2

Z4
= 1 or Z2 = Z4, then 1 = R5

4,2 > R5
1,2

3) I f
Z2

Z4
> 1 or Z2 > Z4, then R5

4,2 > 1 > R5
1,2

Here we looked at the first case. The characteristic parameter Z1/Z4 of the
PGT should be regarded as a variable ranging from 1.2 to 4. The ”planet gear
ratiosöften determine how the nomograph is drawn. The nomograph of the
PGT illustrated in Fig. 7 is displayed in Fig. 8 and Fig. 9 for two cases.
The case 1, shown if Fig. 8, we have ω2 > ω4 > ω1 > ω5 > ω3 > 0.
In case 2, shown if Fig. 9, we have ω3 > ω5 > ω1 > ω4 > ω2 > 0.
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Figure 7. A typical PGT with three GPEs.

Figure 8. The nomograph of the PGT shown in Fig. 7 when
(ω2 > ω4 > ω1 > ω5 > ω3 > 0)

Figure 9. The nomograph of the PGT shown in Fig. 7 when
(ω3 > ω5 > ω1 > ω4 > ω2 > 0).

3. Power flow through the mechanism
Let us consider the case when links 4 and 5 are inputs (see Fig. 10). In accor-
dance with the nomograph approach [30], the torque vector directing upward is

positive, whereas the torque vector pointing downward is negative. In addition,
the velocity also has a positive value above and a negative value below the line
of zeros. Hence, the input power is the product of positive torque at positive
velocity or negative torque at negative velocity. Suppose that sun gear 4 turns
positively counter clockwise. Because sun gear 4 is an input link (T4 ω4 > 0)
and ω4 > 0, T4 > 0 must be an upward vector. As a result, the torque vector of
the ring gear 1 point downward (T1 < 0 ) and the carrier 5 must point upward
(T5 > 0). Because carrier 5 is an input link (T5 ω5 > 0) and T5 > 0, so ω5 > 0.
Also, since ring gear 1 is an output link (T1 ω1 < 0) and T1 < 0 , therefore
ω1 > 0. Figure 10 is the monograph created for this gear train for case 1, with
the torque vectors drawn according to the nomograph methodology. Similarly
case 2 given in Fig. 9 can be drawn (not shown).

Figure 10. The double-planet PGE having links 4 and 5 as inputs.

Figure 11. The power equilibrium of the PGT depicted in Fig. 10.

Because power might travel through multiple paths in the mechanism, there
is a chance that some of it may loop back inside the mechanism rather than
reaching the output link. As a result, we must investigate the power flow across
the constituents of the system. This can be best shown on the GPE diagram
shown in Fig. 12.

Figure 12. The GPE diagram.
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3.1 Flow of power via GPE 1
GPE1 is made up of GP1 and planet carrier 5. Because the ring gear 1 is an
output link (T1 ω1 < 0), and ω1 > 0, T1 must be a vector pointing downward.
This means that the torque vectors of planet gear 2 and carrier 5 must both point
upward T2′ > 0 and T5′ > 0). Since ω2 > ω5 > 0, therefore P2′ = T2′ ω2 > 0,
and P5′ = T5′ ω5 > 0. In GPE1, the inputs are links 2 and 5, while the output
is link 1. (See Fig. 13).

Figure 13. The power equilibrium of GPE1.

Because link 2 (2′ and 2′′) is a shared link between GTE 1 and GTE 2, the
input power to GTE 1 (P′

2) equals the output power from GTE 2 (P2′′ ). Because
link 2 (2′ and 2′′) joins GTE 1 and GTE 2, the input power to GTE 1(P′

2) serves
as the power output for GTE 2(P2′′ ). This means that P2′ +P2′′ = 0.

3.2 Flow of power via GPE 3
GPE3 is made up of GP3 and planet carrier 5. Because the sun gear 4 is an
input link (T4 ω4 > 0) and ω4 > 0, T4 must be a vector pointing upward. This
implies that the torque vector of planet gear 3 must point upward and the torque
vector of carrier 5 must point downward ( T3′′ > 0 and T5′′′ < 0.

Figure 14. The power equilibrium of GPE3.

Since ω4 > 0, ω5 > 0, ω3 > 0, therefore P3′′ = T3′′ ω3 > 0, and P5′′′ =
T5′′′ ω5 < 0. In GPE3, the input links are 4 and 3, and link 5 is the output link
(see Fig. 3). Since link 3 (3′ and 3′′) is a common link between GTE 2 and
GTE 3, then the input power to GTE 3 (P3′′ ) is the output power from GTE
2(P3′ ). This means that P3′ +P3′′ = 0.

3.3 Flow of power via GPE 2
GPE2 is made up of GP2 and planet carrier 5. Because the planet gear 2 is out-
put link (T2′′ ) ω2 < 0) and ω2 > 0, T2′′ ) must be a vector pointing downward.
Furthermore, T3′ < 0suggests that T ′

3 is a vector pointing downward because
the planet gear 3 is an output link (T3′ ω3 < 0 and ω3 > 0. This implies that
the torque vector of planet gear carrier 5 must point upward (T5′′ > 0). Since
ω2 > ω5 > ω3 > 0, therefore P5′′ = T5′′ ω5 > 0. In contrast to links 2 and 3
in GPE2, which are output links, link 5 is an input link (see Fig. 15).

Figure 15. The power equilibrium of GPE2.

Figure 16. Power circulation in double-planet gear train for both cases.

Based on the results of Fig. 11 through Fig. 15, there is power circulation
through links 3′, 3′′, 5′′ and 5′′′ for both cases. The power circulation can be
visualized in Fig. 16.

4. Efficiency formula derivation
When the planet carrier is virtually fixed in the moving reference frame (MRF):

1. Link i will be designated as a driving link and assigned as (x) when
Pc

i > 0.
2. Link i will be designated as a driven link and assigned the symbol (y)

when Pc
i < 0.

3. The fixed reference frame (FRF) and MFR are identical if the carrier is
stationary.

In accordance with the power equilibrium and angular velocity relationships,
the powers flowing across any PGE are interrelated as shown in Eq. 8.
Px

Rz
y,x

=−
Py

ηz(x−y)R
f
y,x

=
Pz(

ηz(x−y)−Rz
y,x
)

R f
z,x

=
Pz

x
Rz

y,xRx
z, f

(8)

The friction loss (l) caused by each PGE are calculated as the product of Pc
x

and (ηc −1). It can be written as, Eq. 9.

l = (ηc −1)Pc
x (9)

For case 1, Fig. 17 depicts the PGT in the fixed reference frame (FRF) and
moving reference frame (MRF). Link 4 is the input link in both frames, and
link 1 is the output link.

Figure 17. Power equilibrium in the FRF and MRF when (ω2 > ω4 > ω1 >
ω5 > ω3).
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By putting x = 4,y = 1,z = 5 into Eq. 8, we get, Eq. 10.

P4

R5
1,4

=− P1

η5(4−1)R
f
1,4

=
P5(

η5(4−1)−R5
1,4

)
R f

5,1

=
P5

4

R5
1,4R4

5, f
(10)

The loss can be calculated independently for each GP using Eq. 9, to find
Eq. 11.

l1 = (η3 −1)P5
4 (11)

Similarly,Eq. 12 and Eq. 13 were develop.

l2 = η3 (η2 −1)P5
4 (12)

l3 = η3η2 (η1 −1)P5
4 (13)

When these three equations are combined and after simplification, the total
power loss can be written as Eq. 14.

lt = (η3η2η1 −1)P5
4 (14)

But from Eq. 10, we have:

P5
4 =

R5
1,4R4

5, f

η5(4−1)R
f
1,4

P1 (15)

After simplification, we get Eq. 16.

P5
4 =

R1
5, f

η5(4−1)
P1 (16)

The velocity ratio R1
5, f can be written as Eq. 17.

R1
5, f =

(β −1)
βR5

4,1 − (β −1)
(17)

Where the input velocity ratio = R f
5,4 =ω5/ω4 and R5

4,1 = Z1/Z4 . Substituting
Eqs. 15, 16, and 17 into Eq. 14, yields the following simplified formula for lt
in terms of P1, Eq. 18.

lt =
(η3 η2 η1 −1)(β −1)

η3 η2 η1

(
βR5

4,1 −β +1
)P1 (18)

To find the total efficiency of the PGT, substitute Eq. 18 into p = 1/(1+ l/Pout),
where Pout = P1, to obtain after simplification, Eq. 19.

ηc =
η3 η2 η1 −1

(
βR5

4,1 −β +1
)

η3 η2 η1 βR5
4,1 −β +1

(19)

Also η5,1−4 =−Pout/Pin , Pout = P1 [Let Pin = 1 so P1 =−ηc] to get Eq. 20.

P1 =−
η3 η2 η1

(
βR5

4,1 −β +1
)

η3 η2 η1 βR5
4,1 −β +1

(20)

By substitute Eq. 18 in to Eq. 20, will get Eq. 21.

lt =− (η3 η2 η1 −1)(β −1)
η3 η2 η1 βR5

4,1 −β +1
(21)

From Eq. 16 and Eq. 20, we can get Eq. 22.

P5
4 =− (β −1)

η3 η2 η1 βR5
4,1 −β +1

(22)

From Eq. 10 and Eq. 22, we get Eq. 23 and Eq. 24.

P4 =
1

η3 η2 η1 βR5
4,1 −β +1

(23)

P5 =
η3 η2 η1 βR5

4,1 −β

η3 η2 η1 βR5
4,1 −β +1

(24)

The input power ratio is expressed as Eq. 25.

P5

P4
= η3 η2 η1 βR5

4,1 −β (25)

Now for case 2 and by using a similar procedure to case 1, Fig. 18 depicts the
PGT in the FRF and MRF. Link 1 is the input link in the MRF, and link 4 is
the output link. By putting x = 1,y = 4,z = 5 into Eq. 8, we find that, Eqs. 26
up tp Eq. 32.

lt = (η3 η2 η1 −1)P5
1 (26)

ηc =

(
βR5

4,1 −β +1
)

βR5
4,1 +η3 η2 η1(β −1)

(27)

P1 =−

(
βR5

4,1 −β +1
)

βR5
4,1 +η3 η2 η1(β −1)

(28)

P5
1 =− (β −1)

η3 η2 η1βR5
4,1 −β +1)

(29)

lt =− (η3 η2 η1 −1)(β −1)
η3 η2 η1βR5

4,1 −β +1
(30)

P4 =
η3 η2 η1

βR5
4,1 +η3 η2 η1(1−β )

(31)

P5 = 1−P4

P5 =
β (R5

1,4 −η3 η2 η1)

βR5
4,1 +η3 η2 η1(1−β )

(32)

The input power ratio is expressed as Eqs. 33.

P5

P4
=

β (R5
1,4 −η3 η2 η1)

η3 η2 η1
(33)

Figure 18. Power equilibrium in the FRF and MRF when (ω3 > ω5 > ω1 >
ω4 > ω2).
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5. Verification of results
The total efficiency is dependent on the efficiencies of the GPs η1, η2, η3,
the planetary gear train characteristic parameter Z1/Z4, and the input velocity
ratio β = ω5/ω4.

1. Assume that the efficiencies of GP 1, 2, and 3 as η1 = η2 = η3 = 1.
Under this condition, and from Eq. 14 and Eq. 26, the losses for both
cases are zero, and from Eq. 19, and Eq. 27 the total efficiency is 100%.

2. Let η1 = η2 = η3 = 0, under these conditions, the overall losses dete-
riorate into (-1). As a result, the overall efficiency can only be zero.

3. β = 0(=ω5/ω4): Because the planet-carrier is fixed, the two-DOF PGT
degenerates into a one-DOF system. As a result, the total efficiency
must be just η1 η2 η3.

4. β →−∞(= ω5/ω4): Under this condition, the total power loss approa-
ches (lt)→ (1−η1 η2 η3)/(η1 η2 η3 R5

4,1 −1). This indicates that for
large values of β , the total power loss lt approach asymptotically to
a specific value. This is due to the fact that the characteristic parame-
ter Z1/Z4 = R5

4,1 and the coupled efficiency η123 = η1 ×η2 ×η3, is
specific to a particular PGT.

5. We also make the assumption that each of the three GPs has an efficien-
cy of η1 = η2 = η3 = 0.9. Depending on Eq. 19, and Eq. 27 the 3D
drawing between η5,4−1, R5

4,1, and β =ω5/ω4 can therefore be depicted
as in Fig. 19.

6. The characteristic parameter Z1/Z4 of the PGT should be regarded as a
variable from 1.2 to 4. Therefore.

1.2 < R5
4,1 =

Z1

Z4
< 4

The large gear ratio R5
4,1 enhances the efficiency of the planetary gear system,

despite power circulation, resulting in higher efficiency and lower losses, as
shown in Fig. 19 and Fig. 20.

Figure 19. The efficiency of the IWM transmission with respect to
R4,15 and β .

6. Results and discussion
First, the prerequisites for computing the efficiency and power loss formulas
must be established.

1. Since Z1 > Z4, hence, 1 < R5
4,1(= Z1/Z4).

2. Since the velocity sequence is ω2 > ω4 > ω1 > ω5 > ω3 > 0, then
0 < β = ω5/ω4 < 1, and since ω3 > ω5 > ω1 > ω4 > ω2 > 0 , then
1 < β = ω5/ω4 < ∞.

3. The individual gear efficiencies are within the physical range of 0 <
ηi < 1.

(a) lt With regard to the input velocity ratio β and the gear ratio Z1/Z(4).

(b) l1 with regard to the input velocity ratio β and the gear ratio Z1/Z4 at
gear pair GP3

(c) l2 With regard to the input velocity ratio β and the gear ratio Z1/Z4 at
gear pair GP2.

(d) l3 With regard to the input velocity ratio β and the gear ratio Z1/Z4 at
gear pair GP1.

Figure 20. (a), (b), (c), (d) The power losses at GP1, GP2, GP3 and the total
power loss for both cases.
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Let the GPs have efficiencies of η1 = η2 = η3 = 0.9. Then, using Eq. 21
and Eq. 30, the plot of the cumulative power loss with relation to the input
velocity ratio β is shown in Fig. 21 for two gear ratios. When 0 < β < 1, the
cumulative power loss lt start with 0.25 when β = 0 and approach to zero
when β = 1 for Z1/Z4 = 2.5 and 3.8, while the cumulative power loss lt start
with 0 at β = 1 and approaches asymptotically to 0.12 for Z1/Z4 = 2.5 and
0.08 for Z1/Z4 = 3.8. In general, the power loss is lower for a higher gear ratio
Z1/Z4. Figure 22 depicts the power loss for each gear pair as a function of
the input velocity ratio β . Figure 23 illustrates that total efficiency exceeds
local efficiencies everywhere in its range. Because carrier 5 is an input link,
its coupling power is transmitted to links 2 and 3, whereas rolling power is
delivered from gear 4 to gears 3, 2, and 1. The power flowing between any
interconnected links cannot be greater than the sum of the input power at
any endpoint. As a result, the total loss is never greater than the input power,
implying that it is less than one. This is because, despite power re-circulation,
the coupling power is transmitted directly to the output shaft. Based on Eq. 20,
Eq. 23, Eq. 24, Eq. 28, Eq. 31 and Eq. 32, the power balance between the two
inputs and the output power are illustrated in Fig. 24. It is apparent that the
two input powers are coupled; whenP5 increases, P4 must decrease. And when
P5 becomes dominant, losses tend to level off.

7. Condition for reducing the power losses due to power
circulation

The large gear ratio R5
4,1 enhances the efficiency of the planetary gear system,

despite power circulation, resulting in higher efficiency and lower losses, as
shown in Fig. 19 and Fig. 20. Assume that the gear ratios are Z1/Z4 = 4,
Z3/Z2 =−1, and Z2/Z4 =1, the local efficiencies are 0.9, and the input velo-
city ratio β is 0.5. Eq. 20, Eq. 23, and Eq. 24 can be used to determine the
output power (P1 = −0.930797) and the two input powers (P4 = 0.510725,
and P5 = 0.489275). The negative sign denotes output power. From Eq. 11,
Eq. 12, Eq. 13 and Eq. 14, the GPs losses are listed as l1 = −0.025536,
l2 = −0.022983, l3 = −0.020684 and lt = −0.069203 . Using the powers
listed in Table 1. Figure 25 can be drawn to illustrate the power going through
the mechanism as well as the losses.

Table 1. Powers flowing through the mechanism.

PGT GPE1 GPE2 GPE3
P5=0.8997 P′

5 = 0.8089 P′′
5 =0.4028 P′′′

5 =-0.3119
P4=0.1003 P′

2=0.1587 P′
3=-0.2228 P′′

3 =0.2228
P1=-0.9627 P1=-0.9627 P′′

2 =-0.1487 P4=0.1003
l=-0.0373 l1=-0.01375 l2=-0.0124 l3=-0.0111
P4 +P5+

+P1 + l = 0
P′

5 +P′
2+

+P1 + l1 = 0
P′′

5 +P′
3

+P′′
2 + l2 = 0

P′′′
5 +P′′

3 +
+P4 + l3 = 0

Figure 21. The cumulative loss with relation to the input velocity ratio β for
the extreme values of Z1/Z4(2.5and3.8).

Power is amplified as a result of power circulation. The output power of GPE2
(P3′ ) equals the input power of GPE3 with the opposite sign. The power ar-
riving link 5 from GPE3 combines with the power entering link 5 from the
motor, amplifying the power. Despite having a little amplified power, the loop

in which it circulates experiences increased losses that are proportionate to
the amplified power. Figure 25 Power flowing through the PGT. By following
the same method as for the first case and the same gear ratios, we find that the
powers flowing through the mechanism for case 2 are as in Table 2. The total
efficiency in both cases is greater than 93%, which exceeds the assumed local
efficiencies of 0.9.

Figure 22. The power loss for each gear pair with respect to the input velocity
ratio β for the values of Z1/Z4 = 3.8.

Figure 23. Effect of local efficiencies on the total efficiency.

Figure 24. The power balance between the two inputs and the output power
for both cases.
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Figure 25. Power flowing through the PGT.

Table 2. Power flowing through the mechanism.

PGT GPE1 GPE2 GPE3
P5=0.489275 P′

5 = 0.542645 P′′
5 =0.890924 P′′′

5 =-0.944294
P4=0.510725 P′

2=0.413688 P′
3=-0.459653 P′′

3 =0.459653
P1=-0.930797 P1=-0.930797 P′′

2 =-0.413688 P4=0.510725
l=-0.069203 l1=-0.025536 l2=-0.022983 l3=-0.020684

P4 +P5+
+P1 + l = 0

P′
5 +P′

2+
+P1 + l1 = 0

P′′
5 +P′

3+
+P′′

2 + l2 = 0
P′′′

5 +P′′
3 +

+P4 + l3 = 0

Figure 26. Power flowing through the PGT.

Figure 27. The modified configuration of the PGT of the IWM.

Figure 28. Power flowing through the modified PGT.

7.1 Case for no power circulation
Power circulation occurs when power flows through multiple paths. In the
case of a double planet in a compound power-split planetary gear, it can cause
power circulation. However, if the system is reduced to a single planet and
treated with the same technique, power circulation is less likely to occur. By
following the procedure outlined in section 2, the power flow is deduced as
shown in Fig. 28. Thus, the most important results of this work can be listed
as:

1. By taking advantage of the graph-based method, it is possible to quick-
ly conduct a preliminary power flow analysis that gives a thorough
understanding of the power flowing within the system elements.

2. Analysis-based expressions for efficiency and power loss are generated.
3. The power flow analysis indicates that power amplification occurs be-

cause of internal power circulation.
4. Power circulation is thoroughly examined. Power circulation is unavoi-

dable in PGTs with multi- planets.
5. he findings are supported by examples.

8. Limitation to find the total efficiency of the PGT
Limitations on estimating the overall efficiency of the planetary gear train
(PGT) for electric vehicle in-wheel motor drives include:

1. The three gear pairs (GP1, GP2, and GP3) in the PGT are assumed to
have constant efficiency for the sake of the analysis. In actuality, this
efficiency can differ according to factors such as speed, load, lubrication,
and so on.

2. It is thought that gear mesh losses have dominant impacts on the overall
performance of the gear system. There are uncounted-power losses like
bearing losses, wind age losses, etc.

3. The overall efficiency of the drivetrain would depend on other parts that
aren’t taken into account, such as motors and power electronics.

9. Conclusions
A systematic approach for studying and calculating the efficiency and power
loss of PGTs is proposed. Initially, the nomograph of a two-input PGT is ex-
plained, from which the relative angular speeds of all components are easily
derived. The speed sequence and operating conditions are then used to examine
the torque and power of each link, which is used to analyze the power flow.
On the nomograph, the distributions of input and output links are plotted to
calculate the speed ratios between each link. Following that, the total efficiency
is calculated using the friction losses of the two-input PGTs. A straightforward
algorithm has been suggested to determine the route of power flow and confirm
whether power circulation is present or not.The main conclusions that can be
obtained are:

1. A methodical approach is suggested to determine the power losses and
efficiency of a dual-input planetary gear mechanism while accounting
for friction losses. This makes it possible to examine how power circu-
lation affects system efficiency.

2. A dual-input planetary gear system can be studied in more depth if all
of its operating modes are looked at.

3. This study will provide engineers a systematic approach for determi-
ning power flow paths, verifying power circulation, and evaluating the
performance of PGTs in integrated wheel hub motors.

4. For the wheel hub motor’s planetary gear arrangement, a larger gear
ratio improves performance by lowering power losses and increasing
overall efficiency. When the gear ratios are Z1/Z4 = 4, Z3/Z2 = −1,
and Z2/Z4 = 1, the local efficiencies are 0.9, and the input velocity ratio
β is 0.5, the total efficiency is greater than 93%, which exceeds the
assumed local efficiencies of 0.9.

5. After identifying the conditions for no power circulation, an alternate
configuration is offered that does not require power circulation.

6. Understanding the power flow through multi-path PGTs associated with
the in-wheel motor transmission enables designers to make more infor-
med decisions regarding the configuration that is or will be used.
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