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Abstract 

For traction substation (TS), the harmonic current spectrum distribution of the left 
and right power supply sections has a large difference under different EMU operating 
conditions. This phenomenon will further affect the harmonic distribution of the entire 
traction power supply system and has the risk of harmonic distortion. At the same time, 
it may also cause interference to the communication line. In this paper, the transient 
direct current control technology is used to realize the converter of EMU, and then 
the TS side harmonic model under regenerative braking condition is realized. The 
harmonic problem, control process, and negative sequence problem caused by loco-
motive traction braking on the TS side under various working conditions are analyzed 
in detail. After connecting the C-type filter to the traction network side of the system, 
the THD (total harmonic distortion) is within the standard range, while the negative 
sequence problem of the system has worsened. Therefore, the parameters of the filter 
were optimized to improve both harmonics and negative sequence problems by com-
bining the negative sequence characteristics under various operating conditions. 
The results show that the improved treatment can effectively control the harmonic 
problem.

Keywords:  Regenerative braking, Harmonic control, Multi-condition analysis, Negative 
sequence analysis

Introduction
With the improvement of the construction of eight vertical and eight horizontal rail-
way lines in China, the problem of harmonic pollution in the traction power supply 
system (TPSS) has gradually increased, and its causes and related calculation methods 
have been widely studied [1–4]. The negative sequence current can cause power system 
generator rotor overheating, vibration, causing relay protection device malfunction and 
a series of problems. To a certain extent, these factors bring risks to the safe and stable 
operation of distribution network and EMU [5]. At present, there are many researches 
on harmonic and negative sequence current at home and abroad, but the completeness 
of the simulation system is insufficient. That is, the load of the EMU is equivalent to 
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the resistive load connected to TPSS. Although the negative sequence law is reflected, it 
lacks the completeness of modeling [6–8]. C-type filter has been used in power system 
for a long time, but the harmonic spectrum of high-speed trains has random dynamic 
characteristics due to the variety of high-speed trains and frequent operating conditions, 
and the movement of large harmonic source immediately affects the system harmonic 
transmission characteristics [9]. Therefore, the general C-type filter is difficult to com-
pletely compensate harmonics.

Although the existing passive compensation scheme is still within the acceptable cost 
range and the effect is considerable, a single compensation is difficult to cope with the 
high load fluctuation of TPSS. Therefore, some scholars have studied the application 
of static var compensator (SVC) [10, 11] and static synchronous compensator (STAT-
COM) [12] in power supply system of electrified railway. However, after injecting reac-
tive power, such devices often cannot simultaneously adjust current imbalance and 
harmonics. Existing power quality compensators can operate in full compensation (FC) 
mode, such as traditional RPC (railway static power conditioner) [13–16], but the dis-
advantage of these regulating units is that they generally have relatively high DC volt-
age component and power loss, without cost advantage. Therefore, some scholars have 
proposed related schemes: (1) adopt variable control and partial compensation strategy 
(PC) [17, 18] in the control method, and (2) at the level of physical equipment, use low-
rated secondary equipment to reduce costs, such as SVC and passive LC branch [19, 20]. 
In addition, the C-type filter often acts on the attenuation of higher harmonics, because 
the active loss of the filter at the fundamental frequency is negligible [21]. Some of the 
previous design methods are mostly from the perspective of resonance damping rather 
than from the perspective of filtering performance [22, 23]. In Reference [24], a C-type 
filter was designed for the arc furnace system at the second harmonic. However, higher 
parameter tuning is suitable for TPSS.

In this paper, the above problems, through the self-built traction power supply system 
regenerative braking model, more abundant train operation conditions are obtained, and 
the harmonics and negative sequence problems caused by locomotive traction braking 
on the TS side under various working conditions are analyzed in detail. From the per-
spective of multiple working conditions, the C-type filter parameters are optimized for 
harmonic control, which is more in line with the engineering practice of TPSS.

The harmonic problems of TPSS

The locomotive is main source of harmonics of TPSS, and the traction network is a 
complex power supply network composed of multiple irregular cables such as contact 
lines, load-bearing cables, positive feeders, and rails. There is a large distributed capaci-
tance and inductance between the power supply lines. When the distributed capacitance 
and inductance are impedance matched with other equipment of the system at a cer-
tain frequency, the system resonance point will be formed. When the output current by 
the EMU contains harmonics near the resonance point, high-order harmonic resonance 
overvoltage will be generated. When taking single-row α-braking as an example, the har-
monic distribution of vehicle-grid coupling is shown in Fig. 1.

Figure 1 shows the interaction mechanism of the three, and the main difference is 
5 to 30 harmonics and 70 to 80 harmonics. The harmonic current content near the 
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27th injected by the EMU is relatively low, indicating that the higher harmonic volt-
age near the 27th may be due to the resonance point near the system, resulting in 
resonance amplification, thus presenting the distribution of harmonics before and 
after the TS transformation in Fig.  1. The negative sequence fluctuation caused by 
harmonic impedance in filtering cannot be ignored. Therefore, in the design of har-
monic control scheme, the influence of many aspects and working conditions should 
be considered comprehensively, and the filtering effect should be defined in combina-
tion with the harmonic standard of TS side in Table 1.

Methods of power improvement in TPSS

Locomotive transient direct current control technology

In this paper, the transient current local control scheme is used to control the signal 
of the converter. The main steps of the scheme are shown in formula 1. The control 
logic is shown in Fig. 2b.

Fig. 1  Harmonic distribution of EMU, traction network, and TS side

Table 1  Harmonic standards for TS side [25]

Voltage (kV) THD (%) Number of harmonics THD (%)

Odd harmonic Even 
harmonics

0.38 5 4 2

6.10 4 3.2 1.6

66.35 3 2.4 1.2

110/220 2 1.6 0.8

Fig. 2  a PWM control logic diagram of three-level converter. b Design of converter
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In Formula (1), Ud is the actual voltage of the intermediate DC circuit, iN (t) is the 
actual input current of the TS side, and U∗

d and I∗N are the given values of the two respec-
tively; Id is the current corresponding to DC circuit. ω0 represents the fundamental 
angular frequency of the input signal. Us, Is, Id , and Ud are the input signals of the control 
system The proportional and integral constants include Ti,G2, and Ti.

When Ud = U∗
d , error ζ = 0 , PI regulation keeps constant output, rectifier DC side, 

and AC side power balance:
When Ud < U∗

d , error ζ > 0 , the inner-loop current of PI regulation output will 
increase, and the input current and power of rectifier will increase, so the inner-loop 
current reflects the change of required power.

The converter calculates the modulation signal uab(t) according to the collected Ud , 
Id , US , and IS and the transient current control algorithm described above. In Fig. 2b, 
position ① generates IN1 through PI control, position ② generates IN2 , ③ corresponds 
to output I∗N , and ④ corresponds to output uab(t)′ before normalization. Because the 
amplitude of uab(t)′ modulation signal should be less than the triangular wave, the nor-
malized output is divided by the given voltage value U∗

d.
This locomotive model refers to the CRH2 circuit to establish a simulation model. Due 

to the emphasis on the grid-side current and voltage, the inverter and its control are 
simplified as the load of the converter. The train simulation model is built according to 
the PWM control logic in Fig.  2a. The model includes the traction main transformer, 
three-level bridge circuit, modulation wave generation module, PWM control module, 
intermediate DC voltage link, secondary filtering, and inverter load. When simulating 
the regenerative braking, a DC voltage source is connected in series at the load.

The transient current control is simple, and the generated PWM is a five-level voltage 
level control signal (Ud ,Ud/2, 0,−Ud/2,−Ud) , This method can simply and efficiently 
filter out the harmonic current generated by the secondary side equipment. Its dynamic 
response is fast, and only a small voltage ripple is generated on the DC side.

Negative order imbalance problem

The unbalance degree is positively correlated with the negative sequence current 
value. The three-phase voltage and current of the power supply side of the system are 
expressed by U̇A U̇B U̇C  and 

[

İA İB İC
]

 , respectively. The corresponding locomotive 
load side current and terminal voltage are expressed as IP and UP , P = 1, 2, · · ·n. ·UA as 
a reference phasor is as follows:

(1)
{

I∗N = IdUd/Un + Kp(U
∗
d − Ud)+ 1/Ti

∫

(U∗
d − Ud)

uab(t) = uN (t)− ωLI∗N cos ωt − RN I
∗
N sin ωt − K

[

I∗N sin ωt − iN (t)
]

(2)
[

U̇A U̇B U̇C

]T =
[

1 a2 a
]T

UA

(3)U̇P = UPe
−jϕP =

√
3KPUAe

−jϕP
, İP = İPe

−j(ϕP+φP)

(4)KP = UP/

(√
3UA

)
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In the formula (2), a = ej120
◦ = −0.5+

√
3/2j denotes unit vector operator, U̇P lags 

phase angle ϕP than U̇A , and İP lags power factor angle φP than U̇P . Zero sequence cur-
rent does not appear on the system side under independent operating conditions, so the 
three-phase current generated by IP is collinear with IP and satisfies IAP + IBP + ICP = 0 
and then comes to the conservation principle formula.

The three-phase current expression can be obtained from the symmetrical compo-
nent method and superposition principle described in Reference [26]:

The expressions of positive sequence and negative sequence current and the unbal-
ance degree of negative sequence current are obtained from Formulas 7 and 8.

Among them, I+ and I− are positive sequence and negative sequence current com-
ponents respectively, and the unbalance degree of negative sequence current is 
expressed by ε . The change of three-phase unbalance can be accurately reflected by 
the characteristics of negative sequence current. The negative sequence will be repre-
sented later by I−.

C‑type filter and its parameter optimization design

Harmonic control schemes include active APF (active power filter) and passive PPF 
(passive polyphase filter) filtering, and there is no filter scheme such as optimizing sys-
tem parameter configuration, which affects harmonic distribution [27]. Because TPSS 
is a typical dynamic harmonic system, APF which can realize dynamic range filtering 
should be the most suitable scheme. But in terms of cost, the input cost of APF is higher. 
In addition, due to the comprehensive influence of TPSS topology and the number of 
distribution network equipment in China, the harmonic problem is relatively light. PPF 
has frequency modulation characteristics. Therefore, PPF is widely used in most TPSS 
harmonic control. In terms of connection mode, PPF has two combinations of series and 
parallel. Parallel installation is more convenient, compared with the series form, and its 
impact on the system is smaller. The structure of parallel filter is shown in Fig. 3.

Where (a) single tuning, (b) 1-order, (c) 2-order, (d) 3-order and (e) C-type filters. The 
C-type filter has the characteristics of frequency scanning. The TPSS harmonic charac-
teristics in Fig. 1 show that the power supply system has obvious resonance frequency.

(5)U̇A × İAP +UB × İBP + U̇C × İCP = U̇P × İP
P = 1, 2, · · ·, n

(6)


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In this paper, the C-type filter is arranged between the T contact wire and the ground 
wire of the traction substation for frequency scanning. The traction power supply sys-
tem can be equivalent to the equivalent circuit shown in Fig. 4.

The impedance Zc of the C-type filter can be expressed as follows:

where XL , XC1 , XC2 , and R  correspond to the impedance values of the inductor L, the 
capacitor C1 and C2, and the parallel resistor R of the C-type high-pass filter, respec-
tively; here, n denotes the harmonic order, and ω1 denotes the fundamental angular 

(9)

Zc = R (XL−XC2)
2

R2+(XL−XC2)
2 + j

[

R2(XL−XC2)
2

R2+(XL−XC2)
2 − XC1

]

XL = nω1L,
XC1 = 1/(nω1C1)

XC2 = 1/(nω1C2)

Fig. 3  Structure of parallel harmonic filter

Fig. 4  Adding the equivalent circuit of the filter
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frequency. The filter resistance frequency characteristic equation is expressed as For-
mula 10:

For the convenience of representation, let the sub-terms of the square sum of imped-
ance modulus be X1 and X2 , respectively.

Simulation analysis and example verification

Establishment of locomotive model

The CRH2 (CRH380AL) train circuit simulation model is built with reference to Fig. 2 
of the locomotive model. The inverter and its control are simplified and equivalent to 
the load of the converter, which is replaced by branch load. The model includes traction 
transformer, rectifier, modulation wave generator, PWM controller, intermediate DC 
voltage link, secondary filter, and inverter load. When simulating regenerative braking 
conditions, a DC voltage source is connected in series at load.

The CRH2 EMU has two adjacent motor vehicles as the basic unit. The whole vehicle 
has two units. One basic unit includes a main transformer and two traction converters. 
EMU system parameters of CRH2 are shown in Table 2.

Figure 5 shows the model of the EMU; the receiving part of the catenary is temporarily 
replaced by 25-kV AC power supply.

The carrier frequency of the converter equal to 1250 Hz, the equivalent load resistance 
load of the inverter part of the converter equal to 6.89 Ω, and the regenerative braking 
voltage level equal to 5000 V.

Locomotive harmonic source model simulation

The rated traction condition (UN = 1500V ,P = 5184kW ) of the locomotive is tested. 
The model carrier modulation results are shown in Fig. 6a and b.

It can be found that in the control signals of the simulation model in Fig. 7, the phase 
difference between the carrier and modulating waveforms of phase A and phase B is 
180°, and the phases of the modulating waveform and the carrier waveform meet the 
requirements. The locomotive side voltage and current and their phase relationship are 

(10)

|Zc|
R =

√
X1 + X2

X1 = 1

(Nω1C1R)
2

X2 =
(

(nω1)
2LC2−1

)

×
(

(nω1)
2LC2−1−2C1/C1

)

(

(nω1)
2LC2−1

)2+(nω1C2R)
2

Table 2  EMU model simulation parameters

Equipment Parameter

Two primary windings of main transformer 25 kV, 3060 kVA

Four secondary windings of main transformer 1500 V, 1285 kVA

Traction converter input 1285 kVA/1500 V/857 A

Traction converter output 1296 kW (3000 V, 432 A)

Traction transformer side resistance inductance R = 0.22 Ω, L = 1.18 mH

Intermediate support capacitance 1245 uF

PI parameters of UMA module Kp = 0.2; Ki = 15
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analyzed under the traction state and regenerative braking state respectively, as shown 
in Fig.  7, where Fig.  7c and d represents the measured and simulated waveforms of 
three-phase voltage in TS, and the data are taken from the Harbin-Dalian line railway, 
and it can be concluded that the model reflects the real operation situation. Then, the 
harmonic content of the TS side current is analyzed by double FFT harmonic analysis 
method, as shown in Fig. 8.

Under the traction condition shown in Fig. 8a, the current harmonic distribution 
trend of CRH2 EMU is roughly the same as the voltage level. The AC input termi-
nal voltage is an equivalent sine wave of five-level (Ud ,Ud/2, 0,−Ud/2,−Ud) pulse , 

Fig. 5  Model design of EMU. a Phase A modulation wave and carrier wave. b Phase B modulation wave and 
carrier wave

Fig. 6  Modulation waveform of locomotive converter
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and the current also conforms. Voltage and current reverse phase when train brakes, 
which is in line with the actual working condition. The grid-side FFT analysis results 
of the two conditions show that the current has even harmonic doping under trac-
tion conditions, while the regenerative braking condition in Fig.  8b has only odd 
harmonics.

The high-order harmonics are roughly distributed at the integer multiple of ω0 , 
while the low-order harmonics are mainly concentrated in 5, 7, ..., 13 times. The car-
rier ratio n = 1250/50 = 25, so the harmonics are distributed in 50 ± 7(odd) and 100 
± 7(odd) times. This is due to the harmonic distribution caused by the harmonics 
generated by some nonlinear equipment in the locomotive during operation. Under 
the rated load, the harmonic distortion rate is in the normal range. When regenera-
tive braking, the grid-side voltage and current are reversed, and the converter acts as 
an inverter to output negative power in reverse. It is verified that the harmonic con-
tent and voltage level in the above waveform are synchronized with the theoretical 
analysis, and the model can be further analyzed.

Fig. 7  Converter control voltage level under traction (a) and braking (b) condition, measured (c) and 
simulated (d) waveforms

Fig. 8  Harmonic distribution under traction (a) and braking (b) condition
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Harmonic characteristics and negative sequence analysis of TPSS under multiple 

conditions

The paper builds a TPSS model to simulate various operating conditions of CRH2 
(CRH380AL) trains running in the TPSS. Because when the train runs, as a dynamic 
large-scale load body, it is not uncommon for two vehicles to run simultaneously on 
the traction network. It is necessary to analyze I− and harmonics of each operating 
condition. Considering the line loss on the low-voltage side of the traction network 
during locomotive operation, the locomotive power supply voltage will be increased 
by 10% for voltage level compensation, that is, 25 × (1 + 10%) = 27.5 kV. Combined 
with the electrical parameters of a domestic traction substation, the parameters of 
TPSS are shown in Table 3.

Traction substation adopts V/x wiring, namely the primary side connected with AB 
and BC phase and secondary side neutral grounding. The traction network supplies 
power for AT. By setting the circuit breaker switch, simulate the train transit. In the 
absence of train transit, the line is empty, and I− is only generated by the TPSS. Next, 
the harmonic and negative sequence conditions of different working conditions are 
analyzed in detail, and the observation range is 0–0.3 s. First, ensure that the AT volt-
age is 27.5 kV level in Fig. 9a, and the train runs normally in the TPSS.

Under the condition of regenerative braking, Fig. 9b shows the train operation con-
trol waveform. In order to facilitate observation of train braking process, the access 
time is set to 0.05 s. The waveform shows that the control voltage is maintained near 
the rated 3000 V, and the train runs stably in the TPSS. Combined with the parallel 
harmonic filter in Fig. 3 and the TPSS built above, six types of locomotive working 
conditions are designed in Table 4 to analyze I− and harmonics on the grid side.

Next, combined with the above conditions, by controlling the locomotive running 
state simulation, to case 1 as an example: double traction, the uplink power supply 

Table 3  Simulation parameters of TPSS

Parameters Value

Three-phase system voltage/kV 220

Traction substation capacity/MW 40

Traction substation transformer ratio 220:27.5

AT capacity MW 40

Simulation duration/s 0.3

Fig. 9  The voltage of AT (a) and locomotive regenerative braking (b)
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arm has a train through, the downlink power supply arm has a train through, and the 
state is traction operation. The resulting harmonic distribution is shown in Fig. 10.

It can be concluded from Fig. 11 that the 25th harmonic content gradually increases 
with the time of EMU access, which is due to the converter carrier modulation of 
1250 Hz. In order to more specifically describe the harmonic data under multi-cycle 
conditions, the stable harmonics at 0.22 s are taken, and the harmonic content of each 
working condition is compared horizontally as follows.

It can be seen from Fig. 12 that under all working conditions, the harmonic charac-
teristics generally conform to the harmonic distribution of the locomotive harmonic 
source coupling traction network in Fig. 1, and the high-frequency harmonics of most 
working conditions are concentrated near 50 times. Under the braking condition of 
single train, the high-frequency harmonic current near 80–90th harmonics is obvi-
ously amplified. The maximum difference between the double-row traction condi-
tion and the double-row braking condition is about 27 harmonics, indicating that the 
braking condition has a greater impact on the traction network.

Table 4  Description of six working conditions

Condition category Condition description

(1) Double-row traction Bilateral power supply arms are traction operation

(2) α Traction-β braking Left traction, right braking

(3) Double-row braking Bilateral power supply arms are braking operation

(4) α braking-β traction Left braking, right traction

(5) Single-row braking Brake only on one side, no car on the other

(6) Single-row traction Traction only on one side, no car on the other

Fig. 10  The harmonic distribution of current (a) and voltage (b)

Fig. 11  The harmonic distribution of current (a) and voltage (b) under various operating conditions
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The above harmonic characteristics can be used to study the differences between dif-
ferent working conditions. The results are shown in Table 5.

From Table 5, under the traction condition, the negative sequence fluctuation is the 
largest, and the negative sequence level is the lowest when the running conditions of 
the bilateral locomotives are different. On the whole, it shows the characteristics of high 
negative sequence in traction condition and low negative sequence in braking condi-
tion. Especially in the double-row traction condition, the negative sequence fluctuation 
is very large, and the drop is as high as 57%. The harmonic content also shows a clear 
distinction. For example, when the α power supply arm has a braking condition, the har-
monic content is significantly higher than other working conditions, and the harmonic 
content is the highest when the double row brakes. The negative sequence characteristic 
waveforms under six conditions are shown in Figs. 12 and 13.

The trend of total harmonic content of current and voltage under six operating condi-
tions is shown in Fig.  13b and c. Experiments show that the harmonic content under 
various working conditions has a good discrimination, and when the braking condition 
is dominant, the THDi and THDu harmonic content increases exponentially compared 
with the traction condition. The results meet the requirements of feature classification 
and can be used for further feature recognition.

Fig. 12  The negative sequence characteristic waveform under six conditions

Table 5  TS side harmonic and I− level under different conditions

Condition 
category

I
− values THDi/THDu

Peak value Stable value When accessing After stabilization

1 41.2 17.5 1.34/3.31 1.21/2.62

2 51.2 41.9 4.58/2.34 4.13/2.91

3 15.7 15.1 6.68/2.24 5.63/1.68

4 32.1 22.9 5.01/1.84 7.12/2.97

5 15.3 8.1 4.83/1.91 5.11/2.12

6 44.1 32.2 1.61/2.81 1.85/3.13
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Parameter adaptive experiment of C‑type filter for six working conditions

Next, for the above harmonic problems, C-type filter with adaptive parameter 
method. Parameter settings are as follows:

The ordinary parameter is as follows: C1 = 1.014 uF, C2 = 540 uF, L = 18.4 Mh, 
and R = 100 Ω. According to the characteristics of multi-condition preset optimiza-
tion parameter range, C2 = 540~1000 uF, and r = 100~300 Ω; due to many working 
conditions, just show one of working conditions is taken as an example here. Tak-
ing working condition 2 as an example, the C-type filter and the optimized filtering 
effect are shown in Fig. 14. In order to further study the filtering effect, the harmonic 
filtering effect of the AT voltage is evaluated. The experimental results are shown 
in Figs. 15 and 16.

Fig. 13  a Negative sequence trend. b Harmonic content of current. c Harmonic content of voltage

Fig. 14  Harmonic content of traction network voltage

Fig. 15  Harmonic content of TS side current (a) and voltage (b)
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Results and discussion
The results show that the filtering scheme eliminates most of the harmonics. The 
THDi of the TS side is reduced from 4.53 to 3.11%. The THDu is reduced from 2.34 
to 1.11%, and the THDu of the traction network is reduced from 4.39 to 2.11 %. 
Although most of the high-frequency components are filtered out after C-type filter-
ing, the harmonic components of 23.25 and other harmonics are still outstanding. The 
negative sequence component has an increasing trend, so the final negative sequence 
is adjusted by optimizing the capacitor capacity and resistance value. Figure 17 shows 

Fig. 16  Comparison of negative sequence characteristic waveforms before and after filtering

Fig. 17  Traction network (a, b) and grid voltage waveform before and after filtering (c)
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that the harmonic content is reduced to 1.77%, 0.73%, and 1.17%, respectively, after 
parameter optimization. Experiments show that the existence of filter impedance will 
lead to increase the negative sequence. After optimizing the parameters, the negative 
sequence problem can be compensated to a certain extent. Next, the filtering of volt-
age waveforms is shown.

As shown in Fig.  17, the above waveform results show that the voltage waveform is 
smoother, and the harmonic content is lower after the filter is added. Next, compare the 
voltage level and harmonics of the AT. Finally, the filtering results for all cases are sum-
marized as follows.

As shown in Fig. 18 and the Table 6, regardless of the operating conditions, THDi and 
YHDu are clearly optimized to produce substantial improvements.

Conclusions
In this paper, the simulation model of locomotive harmonic source is established firstly. 
Combined with the parameters of a traction substation in China, the simulation of 
multi-condition locomotive operation is carried out, and the negative sequence and har-
monic conditions of different working conditions are studied and analyzed respectively.

1.	 Based on the simulation design, the accurate optimization parameters of C-type filter 
under regenerative braking are obtained.

Fig. 18  Comparison of the total harmonic distortion rate of the current and voltage of the no filter, the used 
C type, and optimization

Table 6  Comparison before and after filtering

Condition category THDi/THDu THDi/THDu THDi/THDu
No filter Used C type Optimization

1 1.34/3.31 1.21/2.68 1.01/2.17

2 4.51/2.34 3.11/1.11 1.77/0.73

3 6.68/2.24 4.56/2.02 2.34/1.45

4 5.01/1.84 3.48/1.75 2.26/1.29

5 4.83/1.91 3.15/1.17 1.64/0.65

6 1.61/2.81 1.45/2.27 1.06/1.92
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2.	 The optimized parameter design scheme balances the influence of existing filtering 
methods on negative sequence to some extent.

3.	 The filtering results of six operating conditions show that this method has low cost 
and high efficiency and is suitable for multiple operating conditions. It has a good 
application prospect in harmonic control of high voltage and high current occasions.
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