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Abstract: Synchronous homopolar motors have no permanent magnets and their excitation winding
is fixed at their stator. However, they can be a good alternative to induction and permanent magnet
motors in traction applications requiring a wide constant power speed range. They provide an
excitation flux control and a highly reliable brushless rotor design. This article presents the procedure
and results of optimizing a 370 kW synchronous homopolar motor for driving subway train. The
optimization procedure was developed to take into account the subway train moving trajectory. The
analysis considers only a limited number of steady-state operating points of the motor to reduce
computation time. The optimization results show a significant improvement of the target parameters
of the traction drive. The optimization makes it possible to significantly reduce the losses in the
operating cycle, as well as the torque ripple of the motor and the current rating of the traction inverter.

Keywords: synchronous homopolar motor; electrically excited synchronous motor; Nelder-Mead
method; optimal design of electric machines; subway train; constant power speed range; traction drive

1. Introduction

The interior permanent magnet synchronous motors (PMSM) are widespread in
electric traction. The excitation of such motors is made by means of rear-earth magnets.
Thus, these motors have high power-to-weight ratio and high efficiency [1,2]. However,
PMSMs have the following disadvantages. (1) PMSMs have high cost due to presence of
expensive rear-earth magnets. (2) The use of rear-earth magnets causes the dependence on
the limited number of the magnet suppliers in the production chain [3]. The prices of the
rear-earth magnets are unstable and can seriously vary over time in a few years [4,5]. (3) The
extraction of rear-earth elements, which are used in production of the magnets, harms the
environment [6]. (4) Permanent magnets are prone to irreversible demagnetization due
to the high operating temperature of more than 120 °C and strong demagnetization field,
inherent in a traction motor with limited dimensions. (5) PMSMs have high power loss at a
rotational speed close to or equal to the maximum in the field weakening region due to
a large stator winding current required to compensate the uncontrolled magnetomotive
force (MMEF) of permanent magnets [7-9]. (6) The presence of high electromotive force
(EMF) in the windings during rotation can results in fire in case of short-circuiting. This
is very dangerous particularly in subway and trains, those have huge kinetic energy and
cannot stop immediately. In case of subway train, the probability of fire should be excluded
at all due to the limited volume in the tunnel and difficultness of evacuation. Therefore,
utilization of the PMSM s in such applications is undesirable.

The highlighted disadvantages of PMSMs with rear-earth magnets limit their applica-
tions in subway, trams, mining trucks, etc. To overcome these disadvantages of PMSMs the
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leading car manufactures such as BMW (models BMW iX3) and Renault (models Renault
Zoe, Fluence, Megane E-TECH) have developed DC-excited synchronous motors (DCESM)
with the excitation winding on the rotor (BMW [10,11], Renault [12]). The constant power
speed range is provided by means of the flux regulation of DCESM [13,14]. However, the
electrical machines of BMW iX3 and Renault Zoe have the slip rings and a brushed contact
to feed the excitation winding on the rotor, which limits the motor speed and reduces its
reliability [14].

An alternative could be high-reliable and brushless synchronous homopolar machines
(SHM) having both excitation and power winding on stator, and a salient-pole rotor. The
main advantages of SHMs compared to DCESMs are highly reliable brushless rotor design
and concentrated excitation winding, the number of coils of which is small and does not
depend on the number of motor poles, while in a DCESM the number of coils (and, therefore,
the length of the wire and losses) increase with the number of poles. Such SHMs are widely
used as the high-reliable generators in passenger railway cars, on-board generators for
ships and aircraft [15,16], automotive generators [17], and in welding units [18].

In papers [7,19-23], the SHM is used as a traction motor of a mining truck. In [19], the
simplified computation method of the traction SHM was described, and the experimental
verification of the proposed method was performed. In [20], the control strategy of such
traction motor was considered. In [21], this machine was optimized by means of the
developed optimization procedure, which is now used at the design stage of the new
motors. In [22], the optimization was made in order to minimize the installed power of the
traction inverter of the mining truck. In [7], the parameters of the SHM are compared with
the interior permanent magnet synchronous motor of the same power driving the same
mining truck. In [23], the parameters of the SHM are compared with the parameters of the
DCESM in the same application.

However, the review shows absence of use of SHM in other traction applications.
This paper considers an optimization process for the synchronous homopolar motor for
a traction electric drive of a subway train. The optimization was performed with respect
to the typical speed and torque profile during transition between station considering
acceleration and deceleration phases. The following optimization targets were selected:
decrease in average losses along the way from station to station, decrease in installed power
capacity of the traction inverter, and reduction of the torque ripple.

The one-criterion Nelder-Mead method is applied in this study to optimize the SHM
design. An important advantage of the Nelder-Mead method over other methods that are
often used to optimize electrical machines [24-28] is the significant savings in computational
time, which makes it possible to increase the number of parameters to optimize, as well as
to apply more complex optimization criteria, for the calculation of which it is necessary to
calculate several load points of the machine [22]. This advantage is important for optimizing
traction machines.

The optimization procedure was developed that takes into account the subway train
moving trajectory. This analysis considers only a limited number of operating points
making it possible to optimize the motor according to the specified cost function. The
optimization results show a significant improvement in the target parameters of the trac-
tion drive.

2. Main Design Parameters of the SHM

Figure 1 shows the considered SHM design. The SHM has two stacks on the stator
and two stacks on the rotor made of laminated steel. The stator stack and the rotor stack
located in the front of the stator stack form the stator-rotor stack combination (SRSC).
The stator lamination has 60 slots and 8-pole winding with a number of slots per pole
and phase q = 60/(8-3) = 2.5. The laminations are assembled from sheets of electrical steel
0.5 mm thick.
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Figure 1. Sketch of the SHM geometry: (a) Cross-section and stator power winding configuration

(1/4 of the motor cross-section is shown, the other parts are symmetrical). (b) General view. The
stator winding is not shown to avoid cluttering up the figure.

An excitation winding is located between the SRSCs. The rotor has no windings.
Each rotor stack has 4 teeth, and the teeth of the rotor stacks are shifted by 45 mechanical
degrees with respect to each other. The SHM housing and the rotor sleeve carry the stator
lamination and the rotor lamination, respectively. They are made of a solid (not laminated)
steel and provide the link to the flux produced by the excitation winding. No standard
regulates the magnetic properties of solid steels, and, therefore, they can have significant
dispersion. To guarantee that the housing and the sleeve are able to conduct the required
flux, the flux density in these parts is restricted with the value of 1.6 T.

Figure 2 shows the inverter circuit diagram for powering the considered traction
motor. To control the three-phase winding, field-oriented control is used, in which the
stator current vector is formed in a coordinate system rotating synchronously with the
rotor. The excitation winding current is set using PWM proportional to the armature
current. The offset angle of the armature current vector from the direction of the greatest
magnetic conductivity of the rotor pole for various operating points and the ratio between
the armature current and the excitation current are reported in Section 6.

O
§ field 4 . .
winding 1

Ve 2

3
Y LI G wli)r?;isnegs

Figure 2. Schematics of the three-phase inverter with a DC-chopper for the excitation winding.

3. Operating Cycle and Operating Points of the Subway Train Motor

The transition of the train from one station to another has the following stages shown
in Figure 3 [29]:
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Acceleration with the constant torque T;

Acceleration with the constant power to maximum speed 1y;

Coasting with slow deceleration due to friction or movement with constant speed (cruising);
Braking with the constant power;

Braking with the constant torque T}.

1‘1, T AConstant Constant Coasting Constant Constant
Toraue | Power ‘ n ‘ Pow_er \ Torque ‘
Speeg-up | Speed-up _max. Braking Braking
T | \
0
| | T,
| \
| \
n T,
m
| t
| | >
0 t

Figure 3. Sketch of the speed (blue) and torque (red) profiles in time of the traction motor of the
subway train.

The considered powertrain is designed with the supercapacitors to store the energy of
the braking. The rated voltage of the DC catenary is 750 V (V¢ yateq)- It was chosen as the
minimal voltage for supercapacitors, whereas the maximum voltage of supercapacitors is
chosen to be 1050 V. The supercapacitors are feeding traction inverter directly. During the
start of the drive, the supercapacitors can be fully charged or partially discharged but the
control system tries to discharge them to 750 V at the end of the acceleration phase in order
to be ready for braking. These circumstances define the limit the maximum phase-to-phase
voltage of the motor during acceleration stage of 750 V. A higher voltage limit can be
applied for the braking modes of the motor to perform more efficient braking.

The demanded speed-torque curve of the traction motor is depicted in Figure 4. The
right part of the plot corresponds to the driving mode of operation, whereas the left part
of the plot represents generating mode. For the sake of simplicity, the negative torque
in the generator mode is shown in absolute values above zero. The motor must produce
maximum torque Ty = 1240 N-m and the maximum speed 71,5y = 4280 rpm.
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Figure 4. Demanded speed-torque curve of the subway traction drive.

The operation points in Figure 4 are enumerated in order of increasing torque:

1. Driving mode at the maximum speed #14y;
2. Generating mode at the maximum speed #;4y;
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3. Generating mode in the point of transition from constant power to constant torque at
the speed ng = 2854 rpm;

4. Zero speed mode with the maximum torque Ty = 1240 N-m;

5. Driving mode at the point of transition from constant torque to constant power at the
speed n,; = 1427 rpm.

4. Average Loss Calculation

Usually, the subway stations are located near of each other. Therefore, the duration of
the cruising is not too much. Moreover, the required power in the cruising mode is much
smaller than the one needed in other operation modes excluding stops. Therefore, the
cruising mode and coasting were excluded from consideration.

Average value of some variable A during operation cycle depicted in Figure 4 is
defined by equation:

tcycle

[ Aat [ Adt

I
<A>=-2L = )
tcycle f dt
cycle

where . is the duration of the cycle;  is time.
The mechanical subsystem of the train can be represented by:

dQ 2w _dn
ar eolar T @
where () is the motor mechanical angular frequency in radians per second; # = 60-Q2/(2-m)
is the motor rotational speed in revolutions per minute; | is the total equivalent inertia
of the train at the motor shaft; T is the equivalent torque at the motor shaft. Neglecting
the friction and the slopes, the equivalent torque T is equal to the torque produced by
the motor.
By expressing dt from (2) and substituting it into (1) the average value can be ex-

pressed as:
A
[ %dn

cycle

¥

cycle

<A>= 3)

Let’s estimate the value of integral in the numerator of (3) with a help of quadrature
formulas. The operation mode of the motor changes in operation points 1-5 (see Figure 4),
and there is no derivative of the torque with respect to speed. Therefore, it is reasonable to
use the equation of first algebraic order (i.e., trapezoidal rule). Summing up the products of
arithmetic means of the integrands A/T and the speed differences at the separate segments
from Figure 4 (the segments from the point 2 to point 3, from 3 to 4, from 4 to 5, and from 5
to 1) results in the following:

Ag, (A2 4 Az Mmax Mg As | Ag\ Mg
cycle (4)
(R )+ (e ) g,

where A1—-As are the values of the calculated function A at operating points 1-5 (see
Table 1), respectively.
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Table 1. Operating points of the traction motor considered during optimization.

Operating Point, i Operating Point Name Speed, rpm Torque, N-m w; k;
1 Driving mode; maximum speed 4380 4134 0.363 0.97
2 Generating mode; maximum speed 4380 826.9 0.091 0.99

Generating mode; transition from
3 constant power to constant torque 2854 1240 0.182 1.1
operation modes
4 Zero speed 0 1240 0.182 0.97
Driving mode; transition from

5 constant torque to constant power 1427 1240 0.182 0.97

operation modes

Wy =

nmax(”max - nm) .

Approximation of the denominator of (3) can be expressed from (4) by substituting A
= 1. Substituting (4) into (3) as well as To = Tg - 1g/ yax, T1 = To * i/ Minax, it is possible to
find similarly summand in each product with A;. Then the average loss estimation during
operation cycle can be obtained as a weighted-average losses in points 1-5 of the operation
cycle as:

<A>= Z w;A; (5)
i=12345

In (5), the weight coefficients w; normalized on the basis unity sum of all coefficients

can be evaluated by:
Wi

w; = = (6)
L Wi
1
In (6), the coefficients Wi are calculated as according to (7):
Mmax (Mmax — 1
; Wo = ma ( ma g); W3 = fimax; Wi = (ng + nm)/' Ws = nmax- (7)

Ny ng

Average value estimate (5) is relevant for any function A(#) in the considered cycle
from Figure 3. Here, this Equation (5) is used to evaluate average electric losses in the
electric machine <P, ,;>. The losses during coasting are not taken into account due to the
fact that they are small. Only the acceleration and deceleration phases are considered.

5. Voltage Limit

Kinetic energies of the train in operation points 2 and 3 (see Figure 4) equal to | - Qmax?/2
and | - ng /2, respectively. That is the train loses 1 — ng /Omax>=1— ng2 / o part of its
kinetic energy when braking from point 2 to 3. This energy is converted from the motion to the
charge of the supercapacitor. The ratio between the energy accumulated in the supercapacitor
during segment 2-3 and the total energy being accumulated at both segments 2-3 and 34
is (V32 — Vpe sated®)/ Viax® — VDC rated”), where V3 is the DC voltage in operating point 3;
VDC rated 18 the rated voltage of the DC catenary; Vi is the maximum DC voltage. Therefore,
the expected level of the DC link or supercapacitor voltage in the point 3 can be evaluated
according to (8):

2 2 _ 2 ng
V3 = VDC rated + (V3 o VDC rated)(l - n2 ) =929V. (8)

max

Thus, the desired motor phase-to-phase voltage amplitude V; at operating points
i=1,2,3,4,5 can distinguish from Vpc ;400 = 750 V. Table 1 shows the main parameters of
the motor in the operation points i = 1,2,3,4,5, including weight coefficients being evaluated
using (6) and normalized in addition to coefficient k; = V;/Vpc ated-
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The expected DC voltage in the operation point 3 is 100%-(929 — 750)/750 = 24%
higher than Vpc 4. Coefficient k3 = 1.1 is selected with a large margin, and it is expected
that the magnitude of the phase-to-phase voltage is higher than the rated voltage of the
grid by 10% in the operating point 3. Moreover, a 3% margin for Vpc ;4.4 is selected as the
expected voltage drop across the power semiconducting switches in the driving mode, and
a 1% margin for Vpc yup4 is selected at operating point 2.

6. SHM Optimization Parameters and Procedure

Optimization of the motor parameters is performed using Nelder-Mead method. The
Nelder-Mead algorithm used for the optimization is well known [30] and is included in the
basic MATLAB software package (function “fminsearch”). This method is a one-criterion
optimization method that uses only one objective function. The conventional approach
for implementing multi-criteria optimization using a one-criterion method is to include in
the optimized function all optimization objectives as a sum or product with certain weight
coefficients [22].

The cost function is composed taking into account the following targets listed in
descending order of importance:

1.  Minimization of average losses <Pjsses>;

2. Minimization of the maximum stator current magnitude during the entire operation
cycle taking into account available voltage limit;

3. Minimization of the maximum symmetrized torque ripple along the entire operation
cycle max (TRsym);

4. Minimization of the maximum non-symmetrized torque ripple along the entire opera-
tion cycle max(TR).

A non-symmetrized torque ripple is produced by a single SRSC. A symmetrized
torque ripple is produced by a SHM as a whole. Details of TR and TRsym are given in [19].
According to the targets of optimization the cost function can be written as their product.
The weights are the powers to which the multipliers are raised:

F =< Pygs o > max(I,-)O'7max(TRsymi)0'025max(TR,-)0'01f(Irlla_g[(%i)),
1,x < 1.6[T )
£ ={ e

%3, otherwise '

where <Pj,q; o> are the electric losses; I; is the value of current in the ith operation point;
TRsym; is the value of the symmetrized torque ripple in the ith operation point; TR is the
value of the non-symmetrized torque ripple in the ith operation point, B; the magnetic flux
density in the housing and the sleeve.

The one-criterion Nelder-Mead method is applied in this study to optimize the SHM
design. The Nelder-Mead method belongs to unconstrained optimization methods. The
optimization constraints could be specified simply by assigning infinite values to the
objective function when the constraint conditions are not met. However, this would lead
to a rapid decrease in the volume of the simplex. For this reason, objective function (9) is
modified by using the ‘soft constraints’ with the penalty growing rapidly in the forbidden
area (if B; > 1.6 T).

Optimization was performed neglecting the discrete nature of some parameters. The
number of turns in the section of power winding N is assumed to be a real number; it is
not checked that the width and height was selected from the standard [31]. The number of
turns is selected according to Vpc yaes = max(V;/k;) [23]. The number of parallel branches
is assumed to be equal to 4. Figure 5 shows the geometric parameters of the SHM.

The parameters fixed during the optimization and varied ones are given in Tables 2 and 3.
Additionally, the areas of the cross-sections of the stator housing and the rotor sleeve are
assumed to be equal since they transfer the same excitation flux. The shaft is assumed to be
nonmagnetic or to have poor magnetic conductivity.
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Figure 5. SHM geometric parameters. (a) Stator slot; (b) stator winding; (c) rotor core; (d) other dimensions.

Table 2. Some geometric parameters fixed during the optimization.

Parameter Value
Machine length without end winding parts L, mm 302.5
Length of one stator stack 151.25
Stator housing radius, mm 267
Axial clearance between excitation winding and rotor, A,, mm 29
Radial clearance between field winding and rotor A, mm 22
Shaft radius Ry, mm 40
Stator lamination yoke hs o, mm 21
Rotor lamination yoke i, yoke, T 17
Stator wedge thickness, ¢;, mm 2
Stator unfilled area thickness, e1, mm 3

All of these determine other geometric parameters of the rotor and stator lamination
including the inner rotor lamination radius that is the radius of the rotor sleeve. For

example, the outer radius of stator lamination is determined by the outer housing radius
and the housing thickness.
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Table 3. Geometric parameters varied during the optimization.

Parameter Initial Design Optimized Design
Housing thickness 1, mm 20 25.7
Total stator stacks length Lgtor, mm 210 228
Stator slot depth, /1, mm 36 30.6
Stator slot width, b,, mm 7 7.5
Airgap width §, mm 2 3.0
Rotor slot thickness, o, deg 36 36.7
Rotor slot thickness, «;, deg 63 64.3
Angles of field weakening at operating 0.5, 0.8; 0.4; 0.3 0.64; 0.91; 0.34; 0.17
points 1,2,3,4 electrical radians
Current ratio 5 5.95

The sizes of the armature wire wy and w, (see Figure 5b) necessary to compute the DC
and eddy current loses in it [23] are determined according to Equation (10):

by = wy + ax; hy = 2-(wy + Aw)-Nsec + ay, (10)

where 4, = 1.51 mm, 4y = 1.8 mm, Aw = 0.31 mm are the constants taking into account the
width of the slot insulation, layer insulation, impregnation, etc.

Only DC losses are assumed to be in the excitation winding. To calculate them, the
copper filling factor 0.8 is adopted. Among parameters varied during the optimization,
there are current angles measured from the middle of the rotor tooth in modes 1,2,3,4.

To reduce the number of the optimized parameters, the angle in operating point 5 is
assumed to be the same as in operating point 4, the ratio of currents in in the excitation
winding section, and the armature winding layer is assumed to be the same in all modes.
Additionally, the ratio of the rotor slot widths oy /o (see Figure 5c) is assumed to be
constant during the optimization. The mechanical losses are assumed to be mainly windage
losses and proportional to the speed cubed. The mechanical losses at 71, are assumed to
be 3.55 kW.

7. Optimization Results

Figure 6 shows the change of the electrical losses and current magnitude during
optimization stage. Figure 7 depicts the simultaneous change of the symmetrized and
non-symmetrized torque ripple. Figure 8 illustrates the change of the cost function value
along the optimization.

13 720
700 H B
1251 B
680 B
<
@
12+ B = 660 B
2 £ sa0} 1
o a—
ERE] 4 5
= S G20 g
= 3
8 s
w1 g E 600+ g
E
=
580 B
105 1 B
560 + i
10 1 1 1 1 1 1 1 1 1 1 540 L L 1 1 1 1 L
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
Function call Function call
(a) (b)

Figure 6. Change of the motor parameters during optimization. (a) Average losses; (b) maximum
magnitude of the power winding current.
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Figure 7. Change of the motor parameters during optimization. (a) Symmetrized torque ripple;
(b) nonsymmetrized torque ripple.
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Figure 8. Variation of the cost function value according to (9) during optimization.

Figures 9 and 10 depict the geometry and induction value in the SHM before and after
optimization. Table 4 shows the results of optimization.

(@ | (b)

Figure 9. The cross-section of the initial design of the synchronous homopolar motor and the

magnitude plot of flux density (T); white areas mark the extreme saturation level (>2 T). (a) Operating
point 1; (b) operating point 4.
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@) (b)
Figure 10. The cross-section of the optimized design of the synchronous homopolar motor and the
magnitude plot of flux density (T); white areas mark the extreme saturation level (>2 T). (a) Operating
point 1; (b) operating point 4.

Table 4. Optimization results.

Parameter Initial Design Optimized Design
Operating Point, i 1 2 3 4 5 1 2 3 4 5

Rotational speed 7, rpm 4280 4280 2854 0 1427 4280 4280 2854 0 1427
Amplitude of the ij:‘iure phasecurrent 51055y g 647 651 311 541 547 542 545
Efficiency, % 94.3 94.9 95.4 0.0 94.3 94.8 95.0 95.6 0.0 94.2
Output mechanical power Ppech, kW 1853 —370.6 —370.6 0.0 185.3 185.3 —370.6  —370.6 0.0 185.3
Input electrical power, kKW 196.6 3517 3537 83 196.4 195.4 —352.2 —354.4 8.9 196.8
Mechanical loss, kW 3.55 3.55 1.06 0.00 0.14 3.55 3.55 1.06 0.00 0.14
Armature DC copper loss, kW 1.79 5.51 7.39 7.50 7.60 2.48 7.53 7.67 7.55 7.62
Armature eddy-current copper loss, kW 115 3.96 3.25 0.00 0.83 0.59 2.25 2.16 0.00 0.60
Stator lamination loss, kW 4.14 4.63 3.99 0.00 1.68 2.87 3.39 3.64 0.00 1.65
Rotor lamination loss, kW 0.48 0.62 0.39 0.00 0.10 0.19 0.30 0.22 0.00 0.06
Excitation copper loss, kW 0.18 0.59 0.79 0.79 0.79 0.46 1.41 1.44 1.40 1.40
Total loss, kW 11.30 18.86 16.88 8.29 11.14 10.14 18.43 16.19 8.95 11.47

Average losses according to Formula (5) 12.43 12.02

Number of turns in armature winding 5.93 6.68
Power factor 0986 —0.996 —0.924 1.000 0.920 0.994 —1.000  —0.927  1.000 0.905
Line-to-line voltage amplitude V,, V. 728 749 699 14 383 718 755 825 16 468
Nonsymmetrized Torque ripple, % 48.9 33.7 23.4 23.4 23.4 33.9 25.9 18.8 19.0 19.0
Symmetrized torque ripple, % 9.59 7.40 4.90 5.04 5.03 7.21 5.47 3.77 3.91 3.91
Magnetic flux density in the housingand 13 143 170 173 1733 0.95 133 156 160 160

the sleeve, T

The following conclusions can be made by comparing motor parameters from Table 4
before and after optimization:

1. Inthe initial design, the magnetic flux density in the housing and the sleeve exceeds
the chosen level of 1.6 T. After the optimization, the restriction of this value is fulfilled.
2. Average losses were reduced by (12.43 — 12.03)/12.43 = 3.2%;
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3. The maximum current magnitude before optimization was 647 A at operation point
4, at zero speed and maximum torque. After optimization, the maximum current
magnitude becomes at the operation point 3 at the speed 1, when transiting from the
constant power to constant torque in generating mode. Thus, the maximum inverter
current magnitude was reduced by (647 — 547)/547 = 15.5%.

4. Maximum symmetrized torque ripple (ripple at the shaft) occurs in the operation
point 1 in the driving mode at maximum speed. After optimization its level was
reduced by (9.59 — 7.21)/7.21 = 24.8%.

8. Conclusions

This article discusses the procedure and results of optimizing a 370 kW synchronous
homopolar motor for driving subway train. The motor characteristics are optimized
taking into account the subway train moving trajectory, namely acceleration and braking
stages. A single-objective Nelder-Mead algorithm was used during our procedure. The
number of motor operating points necessary to compute at one cost function call in the
proposed approach is only five, which makes the computational efforts acceptable for
the optimization.

The following optimization targets were selected: decreasing the average losses along
the way from station to station, decreasing the installed power capacity of the traction
inverter, and the reduction of the torque ripple. The optimization results show a significant
improvement of the target parameters of the traction drive. Average motor losses were
reduced by 3.2%. The required current of the solid-state inverter was reduced by 15.5%.
The motor torque ripple was reduced by 24.8%.
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